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[Followlzig  i«  the  traaeletitm  of  Chafer  Ih  of  the 
Roeelaa-laagua^  book  hy  H.  A.  fel'yashevleh,  Atoanaya 
i  Molekolyarpaya  ftpe3cby<;akopiya  (Atosio  and  Molecular 
'^(TtaroaeoKyj/rioaeW^  OTete  Publishing  Eouae 

for  Ibyaioo-Matheii^tical  lAt^rature,  psgea  367»^.] 

14..1  Splitting  of  Baergy  lerela  in  &  Magnetic  FislA 

In  a  laagnetic.  field  degenerated  lerels  of  t^asxgy  of  the  atom 
are  separated  Into  nondegenerate  subleyela.  Il&la  residta  in  laagnetlc 
cleavage  of  the  spectral  lines  corresponding,  to  the  transition  between 
various  energy  levels  IntO'Biany  component  levels,  end  to  the  appear^ 
ance  of  forced  transitions  between  sublevels  of  a  given  level  of 
energy. 

She  phenomenon  of  cleavege  of  spectral  lines  sad  energy  levels 
in  a  magustio  field  Is  called  the  Zeeman  ,;^no8«no&.  Zeeaan  first  dls> 
covered  (in  1896;;  cf.  Paragraph  1.6,  page  3¥)  dilation  of  the  Ha  5890- 
5696  A  doublet  line  (first  mehber  of  the  main  series,  cf .,  for  exaagple, 
page  224)  in  a  magnetic  fiS|ld;  later  he  observed  not  only  dilation, 
but  also  cleavege  of  spectral  lines.  Lorentt  eaqplained  this  on  the 
basis  of  the  classic  electron  theory  aa  the  result  of  cleavage  of  the 
frequency  of  vibration  of  an  elaatleally.  bouiod  electrcm  of  the  atom, 
end  it  was  not  until  later  that  It  vma  Interpreted  in  its  natural  form, 
on  the  basis  of  the  Sohr  theory,  as  the  xestilt  of  cleo^age  of  energy 
levels.  At  present  the  term  "Zeeman  phenomenon"  is  applied  to  the 
aplltting  of  both  spectral  lines  and  energy  levels  In  a  magnetic  field 
(vdrich  already  haa  been  mentioned  In  Paragraph  l.$,  page  31}.  Study 
of  the  Zeeman  phenonsnon,  w  effect,  in  the  spectral  lines  of  atone  in 
both  the  visible  and  ultraviolet  range  played  a  great  role  in  the 
developoent  of  the  science  of  atomic  Btraet.ure,  particularly  in  the 
period  following  the  developnoent  of  the  Sohr  theory.  At  the  present 
tis^  Investigation  of  the  Zeeman  effect  in  spectral  lines  of  atoms  is 
one  of  the  most  impoitant  methods  of  detersdning  the  characteristics 
of  the  energy  levels  of  atesss  and  gresctly  facilitates  interpretation 
of  complex  atomic  spectra;  study  of  the  Zeeman  splitting  of  spectral 
lines  also  anables  acquisition  of  valuable  dssta  on  magnetic  fields  in 
[light  sources,  particularly  in  study  of  the  Sun,  its  megaetic  fields 
and  sun  spots. 
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Forced  traasltlons  iMrtvMn  Ze«B«a  sublsrel*  of  a  gi-vec  toergy- 
lerel  occur  uador  the  effect  of  Irradiation  of  a  freq.ueney,eq.ual  to 
the  frequency  of  the  poesihle  tranaltione,  i.e.,  In  the  eaae  of  reeo* 
nance,  and  this  phenoaenon  la  called  the  aegnetie  xeeonanee.  She  fre^^ 
quenelee  of  transitione  between  Zeenan  aublewela  lie  in  the  xadiofre- 
queney  range  of  the  epeetrum  and  are  etudled  by  raiioepeetroecoplc 
aethode  (kO,  hi).  Magnetic  reaonance  first  vae  ^ecorered  in  1938  hy 
Rabl  and  hla  asaociatea  (2h3)  in  aoleoular  beaaa' .  Ee  first  discov¬ 
ered  resonance  tranaltlons  between  auhlerels  of  Zeeaan  splitting  for 
the  hydrogen  aolecnle,  caused  by  the  aagnetic  acnents  of  the  proton 
and  deutttron,  and  then  in  19^  (2hh)  he  observed  transitions  between 
sublevels  of  Zeeaan  splitting  la  sterss,  caused  by  electron  aagnetic 
aonents  of  atoaa.  !Ehe  study  of  aagnetic  resonance,  both  electronic 
sad  nuclear,  in  atonic  and  aoleeular  beaaui  Is  very  cooplex  in  its 
experlaental  methodology,  and  investigation  of  this  phenoaenon  began 
to  expand  on3y  after  the  discovery  by  Zavqyskly  in  19^  in  Kasan 
(2h3)  of  electronic  paramagnetic  resonaaee,  absorption  of  aierewaeve 
Irradiation  by  a  substance  due  to  transitions  between  sublevels  of 
Zeeaan  splitting  connected  with  the  electron  aagnetic  noaents  of 
particles  of  the  subatance  (deteralned  by  the  paraaagnetle  properties 
of  the  substance,  hence  the  naas  ’*paramagnwtie"  rasonance);  an  anal¬ 
ogous  phenomenon  Of  ferromagnatic  resonance**  is  observed  in  ferro- 
amgnetic  substances,  nuclear  paraaagnetic  resonance,  or  absorption 
of  irradiation  in  the  range  of  short  radio  waves  with  Zeeaan  splitting 
in  a  substance  was  observed  by  US  investigators  (2^).  this  was  due 
to  nuclear  aagnetic  moments.  Paraaagnetlsa  connected  with  nuclear 
magnetic  aomants  was  discovered  by  Lasarsv  and  Shubnlkov  in  1937  (242) 
in  the  course  of  investigation  of  the  aagnetic  properties  of  solid 
hydrogan  at  a  temperature  of  2  to  K.  At  the  present  time  the 
aajority  of  the  great  nuaber  of  radiospectroscoplc  investigations  be¬ 
ing  conducted  are  performed  with  the  aid  of  various  aathods  of  magnetic 
resonaaee.  Issentially,  these  aethode  enable  determination  of  the 
aagnetic  aoaMnts  of  atoau  and  nuclei  with  a  vary  high  degree  of  pnel- 
slon  (cf.  page  401). 


*)  Plreeted  beams  of  neutral  particles  are  called  aoleeular 
beaas.  9iey  are  subdivided  into  actual  molecular  beams  consisting  of 
aolecules,  and  atonic  beams,  consisting  of  atoms. 

**)  !Zbe  first  erperlasnts  on  ferroaugnetle  resonance  were  pex^> 
formed  by  Arkad'yev  in  1926  (36),  although  the  general  theory  was 
developed  in  1933  by  Landau  and  Lifshits  (241).  Suaerous  erperiaentSL 
investigations  of  ferromagnetic  resonance  have  been  conducted  since 
1946. 
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In  the  follorlng  ve  itresent  e  detailed  diacuaelon  of  the  Zeeman 
aplittlng  of  spectral  lines  (Para^phs  l4.a  to  1^.5}  and  magnetic 
resonance  (Paragraphs  14.6  to  lh.8);  in  the  present  paragraph  ve  dis¬ 
cuss  the  Zeeman  splitting  of  energy  levels  as  the  basis  of  further 
discussions . 

According  to  graphic  zepresentatlonj  the  ca\ise  of  Zeeman 
splitting  of  enei'gy  levels  is  the  fact  that  magnetic  'moments  may  be 
oriented  by  variotts  means  in  relation  to  the  lasgnetic  pole. 

Additional  energy  in  the  Ragnetic  field  of  any  atomic  system 
having  magnetic  BOment  depends  ui)on  the  crientation  of  the  moment  in 
question  in  relation  to  the  field,  specifically  the  aagcitude  of  pro¬ 
jection  of  this  moment  upon  the  direction  oi'  the  field,  fflie  projec¬ 
tion  a  of  the  magnetic  moment  Is  proportionate  to  the  projection 
‘^2  of  the  neehanical  monaent  J  end  is  quantised  together  vlth  it 

(cf.  Paxegraph  2.5,  page  51).  As  a  result,  to  each  value  of  projec¬ 
tion  of  the  moment  of  quantity  of  isotion  corresponds  a  definite  value 
of  the  projection  of  the  Ktagnetic  moment  endUts  value  of  supplemen¬ 
tary  energy  in  the  m8ft;netic  field.  In  conformance  with  2J -■{-  1 

possible  valtaes  =  W  s=:  J,  J  —  1 ,  —  J  projections  of 

Jg  of  the  mechanical  moment  J  multiplicity  of  disintegration  is 
equal  to-  gj^2J~\-  1  >  eaid  determines  the  number  of  sublevels 

in  the  magnetic  field  («f.  Paraigxaph  2.12  and  Paragrajh  2.15).  She 
qu«vntum  number  m,  characterising  the  sublevel  of  Zeeman  splitting,  has 
received  the  sane  magnetic  quant^ua  nuniber  (cf  .  page  50). 

Let  us  examine  in  greater  detail  the  splitting  of  the  energy 
level  of  an  atom  having  electron  magnetic  moment  a.  ,  in  a  constant 
external  magnetic  field  of  intensity  H  . 

Accorditig  to  the  bnown  formula  for  the  energy  of  a  magnet 
located  in  a  magnetic  field,  the  excess  energy  of  the  atom  is  equal  to; 


A£* 


CO 3  (p. ,  //)  =  —  p,H, 


(i»f.i) 


where  ii*  —  5iCOS(jl.,  if)  is  the  projection  of  the  magnetic 

moment  in  the  direction  of  the  field  along  the  2  axis,  and  in  the 
case  under  consideration  is  the  isolated  direction  which  ve  previo-asly 
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(Sad  for  tb*  t  exit,  la  dlatiuetlcn  froa  tha  esi*  of  a  fr««  n 

gfwtmkf  for  vhieb  maj  giraa  dlroetloa  of  the  axle  of  q,aevtlMtioa  aagr 
iM  eeleoted,  ve  aov  here  a  j^aieall^  isolated  dlreetton  of  the  Bet> 
nstlo  fiLttld. 

^Qbe  jrojeotioa  of  aacaetle  atonent  la  the  direction  of  the 
of  the  field  has  a  defiaite  iralae  (2.h3)»  and  va  obtain 

5=  —  ‘fhmHt  (1^.2) 


iriaere  is  the  gyrwtffaatie  (magpmtornctbBDloal)  relationship  and 
fn  =  fli^  aeonireB  the  TSlne  of  2i*4~  1  >  She  fomla  (14^.2)  gl'ves 
the  s|littlag  of  the  original  level  into  2j-«-l  equidistant  aubleyeiLs, 

aa  is  laiUeated  in  Figure  l4.1,  for  the  least  integral  and  ecni- 
integral  values  of  J.  !B>e  initial  poaltlon  of  the  level  prior  to  its 
q^ttlBg  ia  inSlceted  hsr  the  broken  lln».  Inputting  la  syantttrlcal 
vlth  aesyeot  to  this  position^  vkLtk  at  im  integral  J  oolneidee  ifith 
the  poeition  n  «  0  of  the  aublevel.  Ihe  distance  between  nei|^b(»rlng 
sublcvele  is  equal  to  ia  proportionate  to  the  g3rra«ag> 

nstio  :ir!j(tio  end  the  intensity  exF  the  eegnetie  field. 

.Iter  e  piureiy  orbital  noeent  the  firroaegnetie  ratio  is  deter> 
ninsd  1t^ir  foxmtla  (2.45),  and  fonsula  (14.2)  aasvawa  the  fora 


=rs ssss  /fill  ==  (14.3) 

idiero  (^2  ^  nagnaton  of  Bohr  (2.46).  Sw  sublevels  irith  aib- 

sequiKfti  vslnes  of  a  are  located  at  distances  fip  E  .  in  the  same 

vey  iiirfit  the  aagneton  of  Bohr  le  a  xiatural  imlt  for  aeaeureaent  of 

alec^si^iai  nagnetio  aoaents,  the  value  ^  g  H  is  a  natural  unit  for 

aeasniMiaant  of  the  splitting  of  atoale  energy  levels  in  a  aagastie 
fiell..  It  gives  ths  asgnittide  of  splitting  for  purely  orbitsl  noaent, 
end  oj!iien  is  called  the  aegnltude  of  ncmal  splitting. 


Figure  14.1..  Splitting  of  levels  a  magnetic  field  vltii  various 
viuLufis  of  J: 

a)  "  .s.t  J  -  l,/£j 

b)  »  at  J  =  1; 

c)  -  at  J  ■■=  3/2; 

d)  -  at  J  “  2] 

e)  -  at  J  “  5/2; 

f)  -  at  J  -  3. 


I 


r  7or  a  pax«3jr  splfi  aentat  m  oVUln,  aeeoardiag  to  fonnila  n 
<2.55) 


tvloo  th«  valiM  of  BonM^  •putting.  In  tho  yttxy  iaportaat  eaio  of 
of  an  oltetron  vltli  noi>80Bip>n—t<d  apla,  at 


/  ==0.  m  =  ±  Va  (P*  (6.6) ).“ 


•ad  an  initial  lavol  irith  Ttlua  ^  >  •  «  l/2  split*  into  two  half- 
lawels  (ef .  TigOM  l^i-.l  a),  lodatad  at  diataaea  2(1^^//.  It  aagr  be  ' 


noted  that  for  both  orbital  and  s:pLn  aonaxit  the  anbleial  with  tha 
least  a  (of.  (1^.3)  and  (14.4))  lias  daapaat^  baeausa  of  tha  negative 
valaa  of  ^  to  negative  electron  eharga). 


let  US  at  this  point  the  valua  of  noxaal  aplitting 

According  to  (2.47)  the  mwaxleal  value  of  the  aagneton 
of  Bohr  is  efoel  to 


0.92731  .  10 
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1.400. 10« 


4,67. 10“*^, 

gMsa 

(l‘^.5) 


la  a  negnetie  field  with  1  gauss  intanslty  the  Zeeaap  split  )x^ti 

la  equal  to  4.67  •  lGr5  ca*^,  l.e.,  auia'CMdjBatelv  ^  ca“^.  In 

20,000 

a  aagnetie  field  H  ■  20,000  gauss  we  have 


0,934  «  1  CM~^  (//  =  20  000  i^a),  (i4.6) 

mua  the  value  of  aoxsial  splitting  in  a  20,00(>>gpttaa  field  is 

on  the  order  of  1  oT^.  In  vexy  strong  penaansnt  aegnetic  fields  on 
the  order  of  100,000  goass,  which  are  ai^ed  in  practice  for  study  of 

the  Zeesen  effect,  is  approximately  $  cbT^*.  fieoause  of  this 


e)  Fields  of  this  lype  were  applied  by  Harrison  and  Bitter 
I  (240);  stronger  fields  were  obtained  KSpitsa,  Strelkov  and  Lsuzvan 
‘“(239). 
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i“tlie  rwiatire  of  spectral  lines  in  the  vislhle  end  ults’<v- 

Yialet  ranges  (Sreve  nwjuhere  on  tb«  order  of  ce\rer&3.  tens  of  thousande 

cisT^)  is  low,  eT«n  in  very  strong  laagnetic  fields. 

in  studying  electronic  nGSgnetic  rescnence  loe^ptctle  fields  not 
exceeding  5,000  to  10,000  gauss  ere  used.  In  a  field  in  which 

H  *  5,000  gmise,  jigS  »  0.233  cjr  •‘'/gauss,  vivlch  oo.rre5i.yon.ds  to  the 

wave  length  ^  of  resonant  trnnsitlon  eetween  ftd;}ac«nt  sublevels  of 
approxiaetely  4.3  cai,  and  I'elating  to  the  microwave  regl.on  of  the 
spectrum. 


For  an  stxbitrary  electronic  aofisent  of  an  atom,  we  have,  accord¬ 
ing  to  (.14.2)  «ttid  14.3)? 


Introducing  the  factor 


^1 


-4 


(r  Sts  ~y~  ,  (14.7)  'te 


n 


—  1, 


(14.7) 

written  &&;: 
n  (14,8) 


Ihe  factor  g  (Leedc  factor)  dete?.*Ba.ns8  the  ratio  of  the  rela¬ 
tive  Bagnitude- of  fiiO-itting  /:/  for  wo  ar'oitriKy  xa».g!r«ti<;  aoaeat 
to  the  Ti5duft  of  corsjsl,  'Splitting  sjtp^.  For  pia'ely  ofbitei  ii!o®E®t, 

g  «  I,  tfxA.  for  jna-ely  spin  moxaent,  g  =  2.  For  eleotroiaie  aosseat  cobw 
prising  the  8u»  o.f  orbj,ta3.  and  rspin-mcwBcnts  g  jaey  hare  various  values, 
from  fractions  of  a  unit  to  several  icftlte,  depaaei-ug  u,poc  the.nuaibei' 
of  ecsaponent  jaomects  aiivi  upon  the  type  of  relati.o.n3hip.  The  v&.1.ue  of 
the  f*i3tor  g  i»  an  ijsqwj'tant  charin^teristic  of  the  aaergy  lavel  (of. 
in  detaJ.l  Faragrup^ji  l4.S,  below), 

For»ul,a  (,1,4.8)  Issd#  to  a  ilaoer  .function  of  the  iSeesaigj  splitting 
ia  respect  to  the  iotaasity  of  the  aiagnetie  fie.ld  a.  Tbda  is  illus¬ 
trated  fey  the  eaagxsffla  of  Figure  14.2,  in  the  8ufe.lcyei  ®n*rgy  is 

rejsresented  the  ftmetion  of  K  for  the  valvMSB  1  «  l/2,  1,  3/2  snd.  2,. 

This  tyjys  of  diagram  is  very  useful  for  all  cases  in  which  the  aplit- 
of  energy  3.eTel  ie  studied  at  varientfl  v.ftlue6  of  icagnetic  field, 
and  eapticialiy  in  <iivergcxice  fro®  a  linear  relationship. 
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niivrtt  14.2.  8!pXlttlag  m  a  funetlos  of  Intensity  of  oegbetic  field: 

e)  -  at  J  •  1/2;  c)  -  «t  J  -  3/2; 

b)  -  et  J  -  1;  d)  -  at  J  -  2 

Xhe  linear  function,  detexxained  by  the  oaln  fonoula  (14.6) 
fo£  Zeeman  splitting,  holds  only  for  an  indlTldual  energy  level 

fa:;'  removed  for  other  values  of  Zj .  "Far  removed"  means  that  (consid¬ 
ering  g  on  the  order  of  unity)  the  distance  to  adjacent  Revels  is  much 
greeter  than  the  value  I1A3H. 

— fyl.  (14.9) 

A  :!ield  satisl!;ylng  the  condition  (14.9)  is  called  a  weak  field,  and 
thus  fonoula  (l4.o)  determines  Zeeman  splitting  in  a  veak  field.  In 
dititinction  from  (14.9)  a  field  for  vhleh  the  converse  condition 

i  li«WCS>|£,-£^|,  (1‘t.io) 

is  fulfilled  is  called  a  strong  field.  Ihe  oases  of  strong  fields  and 
fields  intermediate  between  strong  and  weak,  when  (iu//  <-^  |  |, 

will  be  discussed  below  (cf.  Paragraph  l4.3). 


M  3  ^ 


It  is  ns:i«z’eiit  thAt  ccaeej^-s;  ct  vss!!;  ax^d  strong  fields  are 
relative  concepts^,  beoai:^  th€>^  depeM  upon  the  smor^nt  of  distance 
between  adjacent  energjr  levels  in  tbe  absence  of  a  jsuigrsetlc  field. 

Starting  out  froa  fozmla  (l4.&)  for  supplesenttay  ener^  in  a. 
magnetic  fields,  ve  obtain  the  q.uant)m  saechaalcal  esargy  by  converting 

frost  the  classic  expression  for  suppleisfintaxy  energy  y  za  —  y^gfi 

of  an  atom  with  magnetic  sotsenrfe  pt  ict,  (lk.l))f  to  the  operator 

(14.11) 

and  consider  as  distvirbance. 


In  the  first  a];groA~l»at.ion  of  the  theory  of  dieturbaaee^  the 
supplettontazy  energy  is  eq,M9l  to  the  average  tslue  of  the  operator 


=-•  ^  J*  4'1/m 

taken  according,  to  the  function  of  aero  approximation 

(where  a  includes  the  characteristics  of  position  apart  i^osi  J  and  m). 
Jhe  average  value  of  the  operator  of  the  projecrtion  of  the  magnetic 
mosaSKt  is  proportionate  to  the  asrerags!  value  of  the  operator 


Mpg 


hJg  of  the  projection  of  the  :aeehaKical  mcurart,  and  i«sy  be 
exoresaed  in  the  form 


(14.13) 


where  y  is  the  relationship  of  wagBStlc,  to  meche^lcal  ■ecsm-st,  iatro- 
duaed  in  Chapter  £,  and  which  for  electronic  Ji^'’^nt6  say  be  c^gpressed 

in  Bohr  magnetons  \i  _  and  the  factor  S  7|^  ™  “  S’  ***'  j  • 

Consideriag  that  according  to  (2.19)  «5d  (2J.0) 

A't'o/m  "=  (m  ^  /?8y  =  /,  /  —  i . —  J)  (14  ,l4) 

and,  therefor®,  J*  4'st/m/f4'(»/m^**  ^  '  iJid 


»  7ftm  = 


(14.15) 


.  o  . 


ivhence  ve  obtadn 

Aj£  «  ca  —  (14.16) 

i.e.j  fomiles  (14.2)  and  14.8). 

It  appears  that  ve  had  applied  quactxm  naechaclcs  earlier  is 
itnclear  torm  vbeu  ye  inserted  the  quactvua  valxie  ^  according  to 
(2.43)  in  the  classic  formula  (l4.i).  ^ 

From  the  conclusion  above  it  follovs  that  the  result  (14.2)  is 
correct  only  in  the  first  approxination  of  the  theory  of  disturbance. 
In  the  second  approxircation  of  the  theory  of  disturbance  the  energy 
correction  is  determined  by  the  nonr- diagonal  matrix  elements 

«V-m  of  the  energy  of  disturbance,  connecting  position  with 
the  same  value  ai  and  with  values  of  J, ,  differing,  by  no  iBc.re  than  the 
value  (/' —  y  =a  2:  I,  0).  .  IMs  correction  is  eiual  to 

a,£  =  y  ia'  ^  a,  /' «.  y,  y  ±  i).  (14.17) 

iid  Cj  —  Cj> 

where  summation  is  performed  for  all  levels  a*J\  for  which  J*  is 
distinguished  from  J  by  no  more  than  unity.  Because  the  jmtrix 


elements  a'J’rn  proportionate,  as  in  the  cose  of  the  matrix 

elementa  of  (14.12),  and  the  field  intensity  is  K,  then  dj£.  is  pro¬ 
portionate  to  which  leads  to  the  quadratic  2*eman  effect.  The 
relationship  of  the  magnitude  of  the  quadratic  Zeemai^.  effect  to  the 
value  of  the  linear  effect  is  on  the  order  of: 


\^j-£r\ 


(14.18) 


i.e.,  the  ratio  of  the  matrix  elements  of  the  txntXfSi  of  disturbance  to 
the  difference  in  energy  of  adjacent  levels.  Because  the  matrix  ele¬ 
ments  have  the  order  ugH  for  electronic  moments,  the  ratio  (l4.l8) 

vilJL  be  on  the  order  of 


I  Ej  —  Ej> 


(14.19) 


If  the  given  ratio  ceases  to  be  small,  this  means  that  the  magnetic 
field  is  not  weak,  and  splitting  of  the  given  level  of  energy  m«y  not 


be  considered  independently  of  splittiiiig  of  other  levels.  We  obtain 
La  foundation  for  (14.9)  M  ^  criterion  of  the  applicability  of  formula , 
(14.2). 
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JjSL  closiatf  tM-  jsr*»e3t»t  pariijprmjsii  we  sey  »erjt.ion  tliftt  forawHMi 
{Xk,X)  ttoA  «jre  &M  jiey  be  aj^nUed  aot  oRly  to  atoaui; 

■fe'at  «X«f>  to  «tqr  giiK«ia  paftiiele#^  ttotb.  store  ccexsilfeK,  wteieh  era  »oa,ee\ilea, 
&nd  slajflisyj  whiofe  are  eleaeata-sgr  iparticlee^  apecificsoij.'  fjlectron*^ 
pxotoas  aiid  aewtrosji.  (l4.6)  tkrotMib.  (lit.lO)  aTO  oon'eet  for 

«iQr  elatitroslG  iaa®a8tie  iaoa»at8,  but  ejMCoeoaa  fu'escijilm  sxe  tt*ed  for  ,, 
molefiT'  «io.d  rotetlQoMl  jacnKstis^  distifi^foished  cMtlf  by  repleeoseat  of 
tiuR  Bobar  sas^pjeton  {ijg  by  tbe  sueleer  jaagnetoa  {Aj,,,,-;  («3f.  i>*ragjr«Bl3i 
2,^)j  reeultiag  in  reduction  of  ell  scales  ^  tbe  funetioa  i  i'j'l 

yiw.AgU..  Jgjg*  » 

iFibttS 


14.2  fljjtasral  Vim  of  2ee?jaa  Stlitt-inE  of  S:pestr«l  LliaeB  ia  &  Weak,  field 

!l^«  Siictiire  of  geeaum  sjjlitting  of  a-  jfltrea  Kpeetral  134ae  is 
dstesadaaed  eiplittiiig  «f  the  ec8sbirLi.ng  Isireis  sM  by  eorrefit  eeleo- 
tion  for  the  aafnetlc  quantm  nussfeer.  tybdch  ascordiog  to  (4.157) 

is  eorjitct  for  dipolar  rsidlationj.  baa  tb^-  for® 


sss  nij  —  ssss  0,  x  i ,  (i4  .so) 

where  auA  Sg  ****  '*4e  :»»{tsetio  igjiaafis#  iTiefS*s;s*B  of  -feh'S  ccetbiniag: 
levels.  Therefow.*  njon  conTersloa.,  the  projection  »  »  of  saeciiiwsi- 

c«I  aoaiftnt  (aspreesed  jjs'  the  unite  'j^  sas  'JUeitiber'  taming  ',5;uehaaged, 
or  ebaasigaa  by  i  i,. 


Ia  confojmricg  wi-th  the  reles  of  eelsstion  (14. 2^)^  in  coneer* 
aiona  bietifsten  sntlavels  of  t%"o  cossbiued  1«ts1«,  tvo  type,'*  of  c-oapeaaente 
arc  cbtaiaad;  tj—  oourpoaeitts^  ftsr  -shich  liim  0  aa4 

ccttpononts.-  for  vhich  &m  =mj  — "  »=s  d:  1  •  sie  poe,?4bl« 


eoarcerisioas  between  the  sublevel  level*  «  3  Siid  J2  “  ^  sb£ftstx  in 
Figxure  3.4.3.  groan  of  it--  ca!np!OK'.sct»  corresj^ond®  to  tb,e  eonv^r- 

Sion  -->■  ifl  {Ml  •'■—  th®  l®ft  group  of  a-  ociistponent#  corras- 

ponds  t.o  the  ooavsrsioK. "  m  -*  l-'-f  m  (1^  -  Sg  *  •'l}>  and  the  ri^t 
group  iCf  <j-“  cosscpanents  ccrrespondE  to  the  cosnreraloR 

^  I  (uti^  --  —  '0- 

The  p'oup  of  •'«—  ccsfigienants  .(AffJ  s=ss  0)  «3c4  t,^o  g,i*<5upgi  of 

C..  tsEaponeatf  1 ,  :=  -U  1)  are  disti».!faished  by 

p?i»riascfcj.aa.  fbs  it-  sca^^esante  (pitf-allel  ecasponents )  aorrespoad 
to  linfcSiT  Tibratlois*  of  rad.tEtitsg  dipole  para’-lel  to  tbs  diree- 


L 


tioB  of  tlte  field  t-hs  G--  cf-ss^-oneats  (perpeadiculai*  ccaponents) 
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correspond  to  circtiiler  vibration*  at  the  radiating  dipole  in  the  plan^ 
xy  perpendicular  to  the  direction  of  the  field,  as  is  shown  in  the 

lower  portion  of  Figiire  14.2.  In  this,  for  A/»  =s:  r-j-  1  the  direction 
of  rotation  la  connected  with  the  direction  of  the  nagiietic  field  in 

clockwise  direction,  and  for  =:  1  in  counterclockwise  direction. 

The  plarization  of  the  Zaemss  components  derives  from  the  rela¬ 
tionships  of  (‘V.172)  for  the  coaponenta  of  the  vector  which  were 
developed  in  Paragraph  k.8.  The  rule  of  selection  A/n=sO  corres¬ 
ponds  to  a  linear  oscillator  oriented  along  the  z  axis,  and  the  rule 
of  selection  Am  =»  ± 1  corresponds  to  two  linear  oscillators 
oriented  along  the  x  and  y  aaces,  oscillating  with  a  phase  difference 

of  ±  ,  which  gives  a  circular  vibration.  For  dipolar  radiation 

we  have  ordinary  electrical  oscillators  which  from  the  clasaic  point 
of  view  comprise  electrons  describing  harmonic  vibration  with  accelera¬ 
tion  a  =3  —  tt»V,  where  t  =»  (for  the  elaasio  view  of  the  problem 

see  end  of  the  present  paragraph).  In  models  corresponding  to  the 
quantum  mechanical  representation,  the  dipolar  moment  of  transition, 
i.e.,  the  matrix  element  of  the  con^neut  of  dipolar  moment  periodi¬ 
cally  changes  with  the  frequency  of  conversion,  or  transition. 

Upon  observation  in  the  direction  of  the  field,  i.e.,  along  the 
z  axis,  the  1;.  conq^zkcnts  will  be  abaent,  and  only  0-.  ccssponents  of 
two  types,  p>olarized  in  opposite  cireulsx  direction  (longitudinal 
Zeeman  effect)  are  observed.  Observation  perpendicular  to  the  field 
direction  (along  the  x  or  y  axis)  reveals  both  ir-  and  o-  components, 
both  linearly  polarized  in  mutually  perpendicular  plants  (transverse 
Zeeman  effect).  The  direction  of  vibrations  (electric  vector  of  the 
emission  or  absorption  of  an  electroma^ietic  wave)  for  '»t*'coaponentB 
coincides  with  the  direction  of  the  z  field,  and  for  the  ot->  components 
is  per}>«ndlcular  to  this  direction. 

The  nuaiber  of  conponents  of  each,  type  is  easily  determined. 

For  the  case  depicted  in  Figure  l4.3  it  is  equal  to  5*  The  it-eonpo- 
nents  correspond  to  the  transitions  2-2,  1-1,  0-0,  («l)»(-.l)  and 
(„g)-(.2),  and  two  groups  of  0- components  correspond  to  the  transi¬ 
tions  3-2,  2-1,  J,-0,  O-(-l),  (-l)-(-2),  and  1-2,  0-1,  (-l)-0,  (-2). 

(-1)  and  (-3)- (-2).  The  total  number  of  eemponents  is  I5. 


Tbe  dlspoBitioa  of  compoz^&ts  in  the  picture  of  splitting  de-  n 
pendB  upon  the  rclationehip  hetween  the  g- factors  of  the  coobining 
levels.  The  less  the  difference  hetveen  these  factors^  the  closer  is 
the  disposition  of  the  components  of  each  group.  According  to  formula 
(l4.6)  and  the  rule  of  selection,  ve  have  the  foUoving  transitions: 


m  m  (Am  «=  0)  —  82) 

m+1  (Am  =  -4-l)  = 

=  [4^  (m  4-  1)  ~  g^m\  —  g^)  m  -f-  g^]  )x^H. 

=  [5i  (m  -  1)  -  =  [(^1  ~  ^2) «  ~  81]  I^bW. 


(14.21) 


k 


The  disposition  of  cos^nents  is  indicated  in  the  lower  portion 

6  \ 

of  Figure  14.3  (for  the  case  gi^  Y  82}  •  components  are 

disposed  syBanetrlcally  with  respect  to  the  initial  position  of  the 
non> split  line,  and  the  o-con^onehts  of  each  group  are  disposed  sysw 
-tricuy  .Ith  r..p.rt  to  tt.  ai.pl.c.4  po.ltioD.  ± 

The  distance  between  adjacent  ccm^nents  within  each  group  is  uniform 

and  is  equal  to  (g^  -  g2)  l.e.,  actually  is  less  with  a  decrease 

in  the  difference  g^^  -  gg.  The  entire  pictui^  is  on  the  whole  sym¬ 
metrical.  The  tc-  components  +m — >+m,  -m— and  the  o- components 
m  -i-  1 — >m  and  -opI  — >  -m  are  equally  distributed  with  respect  to  the 
center;  for  example,  2  -—^2,  -2  — ^  -2,  and  3  2,  -3  — -2. 

If  the  g  factors  of  combinix^g  levels  are  equal,  all  the  compo¬ 
nents  of  each  group  coincide,  and  a  particularly  simple  pictvore,  the 
simple  ZeenAn  effect,  is  obtained:  the  priioary  spectral  line  splits 
into  three  lines,  the  Zeeman  triplet.  This  triplet  is  formed  by  a 
non- displaced  ;r-coiiponent  and  two  o-  components,  syametrically  dis¬ 
posed  at  a  distance  ^g/t/gH  from  the  former.  The  picture  arising  in 

this  case  is  shown  in  perpendicular  and  longitudinal  views  in  Figure 
l4.4.  In  the  latter  case  the  central  non- displaced  component,  cor¬ 
responding  to  vibration  of  an  oscillator  along  the  direction  of  the 
field,  is  absent,  and  the  triplet  breaks  down  into  a  doublet  with 

2giL^/i.  splitting. 
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In  the  case  of 
the  transitions; 

the  aimple  Zeejnan  effect  foKnula  (Ih.Sl)  gives 

=0. 

fit 

(14.22) 

m  —  1  —>  «t 

With  the  excliiaion  of  eaaee  of  accidental  coincidence  of  the  g 
factor  foi‘  ccfflibinirig  level.8,  'che  3impi.e  Sfieman  effect  i^.  obtained  in 
a  weak  field  only  in  a  few  aojtipletely  determlncci  pertial  cases, 

namely: 


1.  In  transitions  between  aelf- contairied  levels .  .In  this  case 
S  »=’  0>  the  complete  jaaaent  ia  pirely  orbita]l.  (j  «  L).  and  vror  all 
Belf- contained  levels  g  «  1.  ^eas^a  triplets  vj.th  norraal  splitting 

«4r«  obtained. 

2.  Xo.  transitions  between  levels  for  wlilch  the  (30Jap3.ete 
orbital  moment  is  equal  to  zffc>^  L  »  0.  In  this  case  .L  «  0,  the  cobw 
moment  ic  purely  spin  (J  *  S),  and  for  all  other  levels  g  »  2. 

Zeeman  triplets  with  2gft;ga,  twi,ce  as  great  as  normal,  are  obtained. 


Perpsi!:dlcul.ax 

Obaervation 


Lo.agitudinal 

Observation 


Plgus'e  l4.h.  Zeeman  triplet. 

3.  In  trensitioiiB  between  level  J  1  and  J  >=  0..  The  second, 
level  (m  «=  O)  does  not  split,  but  the  first  splits  into  three  sub- 

levels,  with  m  *  0,  -  1.  Ihv^  Bpectrai  line  Bplits  into  thi^e  compo¬ 
nents,  giving  a  Zeeman  triplet  with  g  p*#  splitting,  in  which  the  g 
i_  factor  relates  to  the  level  J  =  1. 
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la  the  geaeral  cast,  whea  gn  /  gg,  a  more  convex  picture,  the  “i 
cca^«rx  2mema.  effect,  ie  observed  la  a  veak  field. 

Extrcaaely  varied  pictures  of  8p2,itting  are  o'bt«d.ned  as  a  fuac- 
tiOB  of  the  value  of  the  difference  ^  ^2  "***  J-i 

vtLtcb  are  discussed  in  greater  detail  below,  in  rearagrajii  ehieh 

is  de^-oted  to  the  types  of  2;eej8aa  splitting. 

together  with  the  nuniber  of  componente  and  their  distribution, 
oojBpleteiy  detemaiaed  distribution  of  the  resistive  intensities  of 
0«  cciasponents  and  coagpoaents  with  different  m  values  for  given 
values  of  the  quanttna  nujabers  ‘J  of  coBbining  levela  is  JBost  oharacter- 
iatic  of  the  eca^lex  Seessan  effect,  fhis  distribution  does  not  depend 
upon  the  type  of  bond. 

The  general  fomulaa  for  relative  intensities  are  shown  In 
Table  ih.i. 


TA3D!  li^.l 

Qer.eral  Foraailaa  for  Belstive  Intensities  of 
CtS^oSan^  of  ^e  Zeeaag  ^pliWiUig  Pleture 
(for  tranavfegse'oSsejfy^'l^j 


Krtfunaitioas 

J  J 

g.  Courponents 

/«  -f  l){/-m) 

Tj-CoJicponents 

m  m 

(J  4" «)  (J  —  w) 

m* 

ci“  Ccairponents 
#)*““•  1  ”>  /n 

These  formulas  first  were  obtained  on  the  baais  of  esperliasatsl. 
djsta  3.0  coBtoixistion  with  the  classic  representations  of  Omstein  axui 
Burger-  ia  192k,  afJier  which  they  were  derived  on  the  basife  of  -fche  pj-in- 
ciple  of:  ooagraeace  of  KToaig  and  Qoudsait,  independently  cn  Heals,  in 
,  1925  (£36}-  They  are  readily  obtained  from  the  basic  q:uaatuai  aechaai-. 
'■“c&l  foiRBula®  for  matrix  elesseats  of  a  vector  (Ih),  and  sdeo  maj;-  be  _\ 
derived  by  group  theory  ;®ethodfl  (138). 


'.'?b.ci  iJTtenaities  a.re  ginrea  for  trsncversv  ob!5«rv(»,tio,K »  lu  the  " 
case  of  loagitiidlifal'  obfii^irt-atiori  the  iatesiBt’By  of  th«  S“  coBSJontifrits  is 
twofold  gr^sater  ttei  Ui  trausvers®  obeers-Ation.  is  ccpx<c-c'ced  with. 

th<t!  fact  'hhat  la  icKgituSliial  ohservation  e5.rcular  polarltaticsa  is  o"£>> 
tainedj  »*d  tracsrerse  vl'bration  iCvoag  both  the  x  -isi-d  y  axes  isust  he 
taken  into  accoyntj  hut  iJa  trarisvers®  o'bse:r«&tic'3  liaear  pola:claa'fcioa 
ie  o'bt'Siaedj  correspondlrjg  to  vibration  along  the  seels  pe-rpe.ttdioul,-%r  to 
the  direction  of  o'Oaervatica,  and  only  this  vibration  need  takei'* 
into  soiisideration  (for  exHaple,,  vibration  isw!,ong;  the  y  axis,  ii;  obserra- 
tiOM  alopg  the  :s  axis;  cl'.  Figure  l-'+.3)-  la  other  wordi!.  :{.xi  the  first 
c@.Eis  two  03ei;u,ator3  ■  Vibrating  the  x  Sijicl  y  axes  are  observed;, 

snid  in  the  second  ease  only  one  of  theas!  caeiliatora  i$  observed. 


The  intensity  of  splitting  of  tiie  co'Oipor.enta  -H'X  >md  aysv. 
metrically  disposed  in.  t.b.»  psetuye  is  identisa.!,  which  ®l.siO  derives 
froai  the  fo.r?ttulas  of  Table  upon  repj dicing  si  with  '■»  the  foitiulaa 

of  the  rev  ai<— shift'  by  thenaselves  (it",  cfit/rpoasaita};,  and  tiie  ;fc<KW»-> 
las  of  rcn<  m  +  1  — ">m  co'tv'ert-  .i-nto  the  tor^auiAH  of  row  m  «  1  ^  a,,  mid 
conversely  (<j«  eomjxvients).  Because  of  thils  the  splittltig  pictnire  is 
sy-swistricel  not  only  i,a  ra3.»tic.iii  to  d.l.spoeitJ.on  o:l'  or'mpone.ats.,  but. 
also  in  relation,  to  distributi-on  of  iutensiti^g,,  -Sse  ■tralues  of  the 
relstiva  isitenaitias  for  the  case  depleted  .lit  ll.gure  lif.t  ah’®  iadi>- 
catftd  by  the  figai'fta  above  the  corresjonding  coiT^yiiv.tit8.  '..rhe  problem 
of  diat-ributioa  of  lnt'ftTi.£.i.t;Lsii  in  various  cases  will  b«;  di-ncuaaed  in 
Paragi-arph  Ik.k,  in  a  Sij,lect.iire  'ievlew  of  types  of  iiseocixi  splitting,, 


.It  may  be  noted  tnat  the  total  Jjsteasi'oy  of  all  it-  GORp^mea'ts 
is  gqi^al  to  the  i-otsLl.  int^ensity  of  au.,1  .3-oomponeutB  (both  groups )3 
which  ma;y  be  proved  by  sTasajiiiriz-etlon  of  tiifc  foronlss  of  Tii^bln  14.1. 
fox*  all  v'ai\‘.8s  of  m  from  "hT  to  -J .  In  the  xva’tji,'.svj.'r:.r  ons-sfi  of  tb,«= 
£.1aapls  .2I«@iiiaTi  aff'set  tha  inte-xisity  of  the  ceKtrs.'!. ’Ji: '  cciuposient  tn 
equal  to  the  ftuca  of  intensltiea  of  both  3*  costponon-ts  (h..avins  idcati- 
.Intei'iSity ) ., 


M'o  ;l.u'?e at  1  gated  tb.?  picture  of  'leea'ai'j  svpl.-i.t.-tixig  in  a  wcBii: 
and.  clarified  the  that  la  t.fe>v  geuerad,  case  a  cc>apl«.x 

Z^ftai&n  effect,  is  obt.&.sx..«d,  ietyliai  to  &  slcijle  ‘^aemars  effect  only  :'i,.'.''. 
individufll  psrticul-ar  casesj  whsn  t.r.lx,'let..e  aj’a  observed.  Originally;/- 
it  WJ&3  conei/iered  the-  iiox-ml  c&se>  in  coKfo/naasxoc  with  the  claasic 
tiujory  of  t.be  Ssemiui  effect  and.  the  d9;ta  of  l.ore.st?, ,  with  the  appear- 
anO'5  o:f  'tro.plftt.e>  arid  -thdiS  vae  v^tox'rec.  to  fes  the  noyiaal.  Fe-ermu  ef^- 
fec-tt,  w.-l,-!ib  a  iiiiTc  coaijAlex  spli'ttiog  pieture  j.'efo.rre'd  to  as  an  fa?Aoa> 
alo-us  &eeBiaii  efl'sc-t  „  Kris  t'^-rsa.ia'jj.Qj^y,,  which  occa3ior.iB.U.y  Ibi  e,'acoua- 
terad  at  p’resent,  is  outaoitea.  and  i-c  is  ra-tiona'l  to  call  2~^&mzx 
effect  .in  tire  ,geaer«'.I  case  -of  gx  S-o  ^  corisp'o'ix  off-:  '.'.t,,.  vand  to  c«ill 


the  ps-rtic-aliii-  case  ia  which 
'•done  in  the  foregoing. 


g.,  a  {simple  e.'fecc:,.  -^..s  b,ar  be-sn 


Tbs  clAtiic  tiieoxy  do««  act  offer  an  esgiliuwtlon  of  the  eoe* 
plex  Zeeaea  effect,  hut  It  does  extehle  en  elenentasy  end  vexy  iprephie 
eaq^eaetion  of  the  eiaplc  Zeeman  effect,  vlth  vhloh  the  quactvtm  theory 
is  in  accord.  Shis  explanation  is  rsxy  simple  if  the  concept  of 
Larmor  precession  of  electronic  orhits  and  orbital  nomenta  connected 
vith  the  latter  in  a  sMpaetlo  field  are  utllLzed,  and  the  explanation 
is  based  on  investigation  of  the  vibrations  of  a  guasi>elaatleeljiy 
bound  electron*. 

Let  us  aaaune  an  eleiii^on  under  the  effect  of  a  quhai*  elastic 
force  vibrating  at  a  freqWidir  of  in  a  direction  ocaiprising  a 
certain  angle  $  vith  the  direction  of  the  magnetic  field  (Figure 
1^.5).  Ihis  linear  vibration  may  be  broken  down  into  vibration  along 
the  direction  of  the  field,  and  vibration  in  the  plan  perpendicular 
to  the  direction  of  the  field. 


Figure  l4.$.  Ana^sis  of  the  vibration  of  an  electron. 


*}  In  the  classic  electronic  theory  these  vibrations  are 
obtained  for  a  point  electron  in  an  atom,  the  positive  charge  of 
'Hhieh  unifomly  fills  a  certain  sphere  (fhonpson  atomic  model); 
the  force  acting. on  the  electron  in  this  ease  is  proportionate  to 
its  distance  from  the  center  of  the  sphere. 


r  d<i«»  net  net  xi|soa  tha  vil!..!.*»tion  along  the  dlrec- 

tion  of  tfe*  amgnetle  field,  end  the  of  Ylhration  remiris 

ufflchenged,;'  We  hev*  a  lin««r  osclllat'ion  oriented  in  th*  direction  of 
the  field  and  giving  weacittaCL  ycdietion  in  the  plane  p«srp«ndiouXar  to 
the  field;  radiation  in the.  direction  of  the  field  io  absent.  Frcaa 
the  qxj.si’jtm  point  of  Tiw,  &  tresiaition  vlth  4ffS  “■=»  0  ,,  the  «-  cm^> 
nent  of  the  Eeeaan  triplet  with  linear  p>:;»larizat.lon  along,  the  slirectlon 
of  the  field,  al»o  ccerreepanda  to  thi.8  C‘»ci.l.Iator. 


Liaettr  vibration  jwx'pejidlculfir  to  the  field  (af.  Figiu'e  14.5) 
iBfljr  bs  broken  dova  Into  two  cirauL&s'  vibratioae  of  one-helif  eseplitiide, 
•with  oppoead  direction  of  ro-bation*.  With  roapee-d  bo  the  co'oi*di».at« 

^^*1' 

nystfem  rotating  with  tlxe  Lanuor  frog-^ieiicy  v,  := 

(cf.  foraiuie  (S.70))  they  will  have  the  earlier  fraq,nency  Vq, 
Iherefore,'  for  circular  vibration  with  direction  of  rotiitlon  cc?iB.“ 

cldent  iri'tb  'bh«  direction  of  •precese'loii  the  .fyecMoney  ic  ob* 

'  .  .  .  '  ‘  0  ‘  I' 

tained,  and  'the  frefAuenoy  is  obtained  for  vibration  with  op»f 

poeitc  direct.lon  of  rotation.  Ae  a  re^ixdt,  we  obtain  two  frequeacdee 
of  vibration,  tli«pi3*«d  -ifith  reapfct  to  the  origins.;;,.  fl^fq[ue^.K4r  y  Yyy- 
the  value  ^ 


-f" 


± 


fiH 


(14. S3) 


~-l~  Ti  ~T — i-'ri  -r-i'i  ~T  ri'  mt~' 


*}  ’Jhe  rotation  X  a  COS  y  !=»  0  my  ce  I'epreaented 

in  tbe  form 

AT  j  cos  Snvftf  -f-  j  cos  3f'  shj  2-K'i^i  -I-  sin 


1.9.,  as  the  breeMcnm  of  circular  -^Ibratiovi  we.  hfeve 

X  W3  -g-  COS  2mot,  >  “*  ij  (rotation  from  z  axis  to  y  axia), 

ri 

md  ciroilav  -vibratioji  x  ras  --  cos  2n-jQt,.  y  ss»  —  I'.-  -ivn  2nV(j,f 
('dotation  froaj  y  wcIb  to  %  mSB), 
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^froa  the  q.u«atu»  poiat  of  Yiev  treusltione  vith !  Affl  —  i  I  *.  eleo 
cozrecpond  to  •  clMulex  oecilXetoir  la  ithe  xy  piIeBe>  vltfa.  fureqjMittcle# 

'.V  db  ^  /  which  tzeasitloas  coaeiet  of  |®*  cosipoiMiats  of  Zeesiea  txl.plet 
with  clreuler  pol«rl*«tioa. 


llie  eaergy  of  the  emitted  or  eheorhed  qacate  is  ohtidaed  hy 
Bittltiplicetion  of  the  correspoadiag  frequencies  \Vq  X  hy  the 

constcnt  h.  Isklng  into  conslderetloa 
we  obtain  for  these  energies: 


$h 


AnnitC 


IB 


(ef.  (2.^)), 


Linear  Vibration 
on  z  Axis 


Circular 
Vibration 
in  xy  Plane 


£o  4-  A£  =  *v„  +  ^  =  Av„  +.  v^. 

Eq  ^  sss  h'*Q  ^  ^'*0 


Sxactly  the  vam  picture  of  spGLittizsg  is  obtained  as  for  g  «  1 
according  to  (14.22).  In  this,  polarisation  is  deteraiaed  by  the 
character  of  Tibratlon  of  tlws  corresponding  oscillators,  but  the  in- 
tensity  is  identical  for  ribrations  along  the  x,  y  and  s  axes,  so  that 
transverse  observation  gives  an  intensity  of  iit-coBtpc>nents  equal  to  the 
sun  of  intensities  of  the  / b-  eoapoaents,  and  in  longitudinal  obeerva. 
tion  is  twice  as  great  as  the  intensity  of  the  /<N  ccwponents. 


Itaus  on  the  basis  of  classic  representations  the  siagtde  Zeeman 
effect  with  nonaal  splitting  i|i  pH  coapletely  explained. 

It  may  be  noted  that  we  have  coincidence  of  the  frequency  of 
transition  between  adjacent  sublevels  at  normal  splitting 


1 


{A,  f/with  frequency 


h 


of  precession  of  orbital 


!d£ _ 

'\h  h  HB’ 

magnetic  moment  =  —  fig/  around  the  direction  of  the  magnetic 
field.  Congruence  also  is  obtained  for  splitting  other  than  normal. 
For  an  arbitrary  magnetic  momsnt  jp>  s=  i“~ 

the  frequency  of  transition  between  adjacent  sublevels  in  the  magnetic 

L 
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I  field 


f£ 

h  h 


which  upo:^  consideration  of  (2.^0  is  eq.u£;l 


-*i 


"2« 


end  coincides  with 


the  freqjiueiici'-  v 


of  precession  of  this  moment,  detemLned  l^r  forasula  (2.59) • 
congruence  is  substantial  in  the  visible  track  of  magnetic  resonance 
(cf.  Paragraph  lU-6  below). 


She  ccssplex  Seeman  effect  for  sjsoctrel.  lines  obtained  in  transi¬ 
tions  between  two  levels  with  diffearent  values  of  g,  i.«.,  levels  cor¬ 
responding  to  different  magnetic  moajents  (and  consequently,  sccording 
to  viBual  representation,  Mffexe-nt  angular  speeds  of  precession)  csn.- 
nrjt  be  explained  by  the  principle  of  the  classic  theory.. 


All  the  foregoing  of  the  present  paragraph  relate  to  the  Zeesnan 
effect  for  dipoler  transitions.  For  spectral  linss  obtelned  in  magr 
netic  dipolar  transitions  the  rule  of  eeleetioi?  is  the  sitae  as  for 
ordinary  dipolar  transitions  (cf.  (4.157)),  ®nd  the  splitting  picture 
is  exactly  the  saine.  The  sole  dlffei'eace  consists  of  the  fact  that 
the  e,lectric  and  magnetic  rectors  of  the  emitted  ware  chjnig*  places; 
with  trauererte  obserratlon  this  l«sd.'i  to  an  €xcha!:gc  of  places  of  the 
plane  of  polarisation  for  the  jc-  and  o-  caaq^ouxnt  s .  For  spectral 
lines  obtained  in  quadj^ipolar  transitions  the  rule  ot  selection 
(4.159)  obtains  for  m;  l.e.,  m  may  change  not  only  to  0  sad  -  1,  but 
also  to  4  2.  The  splitting  pictuare  becomes  coiaylex;  th«  properties  of 
poiar.lzation  of  ccffiponents  also  are  sore  coagtlex.  This  type  of  Zeeman 
effect  is  observed  for  aatsy  prdh}.bit€5d  lines,  pert.tcularl;r  for  the  5577 

line  in  the  spectrum  of  the  aurora  polax'i%  corresponding  to  the 
quadripolar  transition  ^Sq  —  *Z>2  for  0  1. 

14.3  The  g  Factors  In  the  Case  of  a  Weak  Field 

As  we  hare  seen,'  the  aegnitude  of  the  Zeeman  split  depends  ujfoa 
the  ralue  of  the  g  factor,  end  the  diffesrence  in  the  g  factors  for 
combining  levels  determines  the  distance  between  components  ia  the 
Zeeman  splitting  of  spectral  lines.  The  value  of  g  for  e  given  level 
substantially  depends  upon  the  type  of  bond. 

In  the  .most  ingportant  cane  of  normal  bond  the  value  of  the  g 
factor  for  a  level  with  a  given  value  of  quant usi  ranubers  J’,  S  «nd  1  is 
detenaiued  by  the  famous  for.r,\.ila  of  lande  (IT)** 


#)iih«nce  the  g  factor  frequently  is  called  the!  Imde  factor. 


0 


^  ^  2/(y-n) 


(14.25) 


In  the  particular  case  of  purely  orbital  noaent  (8  «  0>  J  »  L)  tins 
fonoula  gives  a  value  of  g  <*  1^  and  in  the  particular  case  of  purely 
spin  Bioiaant  (L  «  0>  J  «  3  it  gives  a  value  of  -g  »  2  in  confoxnance 
with  the  naia  fornulaa  (l4.3)  and  (14.4),  representing  a  particular 
case  of  the  general  fon^a  (l4.8).  In  the  Mneral  case,  when  both  L 
and  S  are  distinct  from  zeara,  formula  (14.25)  leads  to  different  values 
of  g  which,  however,  display  completely  determined  regularity.  At 
given  values  of  L  and  8,  i.e.,  for  a  multiple  term,  the  different 
values  of  g  usually  correspond  to  different  valties  of  J. 


Table  14.2  contains  the  values  of  the  g  factor  for  multiples 
from  2  to  7  (from  l/2  to  3  S)  and  for  values  of  L  from  0  to  4  (i.e., 
for  S>,  !>.,  F-  and  0- terms).  As  is  customary,  the  values  of  g 

are  given  for  each  multiple  individually.  The  values  of  g  are 
presented  in  the  table  In  the  form  of  normal  and  decimal  fractions. 

We  see  that  g  is  taken  both  as  a  valm  between  1  and  2,  at  a  value 
leas  than  1  and  a  negative  value,  and  also  as  a  value  greater  than  2. 
At  X.  >  3  g  increases  with  an  Increase  in  J,  at  L  <  3  it  decreases 
with  an  increase  in  J,  and  at  L  »  S  (>dilch  is  possible  with  a  whole  J ) 
It  remains  constant  and  equal  to  l/2.  At  given  val^te8  of  L  and  S, 
with  the  greatest  possible  1  we  always  have  g  >  1;  for  the  S  term  it 
is  equal  to  2,  after  which  it  decreases  with  an  increase  in  L,  a.p> 
preaching  the  value  g  »  1.  With  the  lowest  possible  J,  at  L  >  S  we 
always  have  g  <  1,  and  it  increases  with  an  Increase  in  L,  also  tend¬ 
ing  toward  a  value  g  «•  1,  but  for  L  <  3  it  is  greater  than  2  and  in¬ 
creases  with  an  increase  in  L  (attaining  its  greatest  value  at 
L»S  -  loratL*S>«<  l/2. 


For  doublets,  and  particularly  the  case  of  one  electron, 
formula  (l4.25)  assumes  a  vexy  single  form.  In  this  case  S  «  l/2, 

J  =  L  -  1/2,  and  we  have 


at 


y  =  -f-  -y  g  '. 


at 


g 


L  *4*  1 

1+4 


L 


J  + 


J  -j- ' 


y+1  • 


(14.26) 
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anKTifi 


23 


TAfili  lJi^.2  (Contt’d) 


24 


yaetora  with  Horsal  Order  of  Bond 


n 


0^17  1.150 


TABLE  lk,2  (Cont'd) 


I 


I 


L. 


26 


It  may  be  itfeted  that  the  auia  of  these  v«i3.iiiea  is  g.  Foi*  the  teiii 

splittiHg  of  the  ‘*/**/»  twioe  aua  great  as  apiittiiig  of  the 

^Pi/,  level,  thus  the  difference  In  values  of  g  ia  equal  to  — 

and  decreases  with  an  increase  in  L,  tending  tovrard  zero  at  L  ■— y  OO. 

.Formula  (Ih.gJ)  for  the  g  factor  mey  be  derived  from  graphic 
coxisiderations  of  the  precession  of  magnetic  moments.  'Ehe  complete 
magnetic  moment  ji,  obtelned  as  a  resxxlt  of  adtiition  of  the  nJEfgnetic 

ffiomeatB  |fcj  and  (cf.  (a.7b),>,  where  jlj  := 'f 

preoesB  aroimd  the  direction  of 

the  complete  mechanical  moment  giviJtg  the  projection 

(cf.  Figure  2.7)5 

t-iy=^  lSCOS(A*  + 

—  (14.27) 

2  >22'  2 
According  to  the  relatlonaixlps  J2  “  (J  —  *^"1)  H  J\  ~  (</  — 

we  have : 

/4.4„4 

cos  (4*  «0  ~  ’  cos  (<4.  »0  y  ■■■  ■'■'«  iil4.28) 

Substituting  (14.28)  in  (14.27),  gives; 


1"  6'2  ' 


/-M|. 

2/' 


!]_ 

Subetitutliig  H  /g.  by  Jj  (7j -4- 1.)  and 


(ig/lf.  (14.29) 


ve  have 

p  —  p  '/(/-f  1)4-  1  (>^1 4-  J)  “•  ^3  ('/j  "f ))  , 

6  -  .*.1  2y(/-Hy“  T- 

^  y (y -f" )) ••f"  '4 (A  4-1) — y)  (./i  4'  i)  (14.39) 
^2  '2y(y+i)  •* 


'fhe  Y*ctor 

rtpresenting  the  (nrtra^ge  yXvtt  of  aafiMtle  Bom&t  of  the  •tO(a>  le 
oriested  vitkln  the  extexoal  oCcnetic  field,  givlag  the  projeetioa 

3SS  sss  —  which,  when  ineerted  into 

(Ih.l)  gives  (14.8)  with  e  value  of  g  detenaioed  hy  the  general 
fozvula  (14.31).  In  the  particular  case  of  »  L,  Jg  «  S  axid  also 

«  1  and  gg  "  2,  foriBula  (14.31)  leads  to  fonsula  (14.25). 

Formula  (14.25)  (as  in  the  case  of  the  general  formula  (14.30)) 
MQT  he  obtained  hy  purely  quantum  mechanical  means.  For  this  we  must 
start  out  from  the  operator  of  projection  of  complete  nomentum 

+  — — 2tAgS  (ef.  (2.48)  and  (2.55))# 


l*s  “  “f*  **  “f*  2^*)  **  “•  "1“  *^s)  (14.32i 

and  coii^te  the  average  value  of  this  operator  under  the  eoikdition 
with  given  values  of  L,  S,  J  and  m  (of.  (l4.13)  and  (14.14)): 

f+h*  (4+ S.) - 

ii,  J  (W.33 

Ibe  average  value  of  the  operator  proportionate  to  m,  and 

as  indicated  hy  cosputatioc  (cf .  for  cxasq;ile,  [13l!! )  ia  equal  to 

7(7+0 - *  ^ 

Suhstituting  this  result  in  (14.33 )>  and  writing 
according  to  (14.15)  in  the  form gftgm,  ve  obtain: 

***  57(7^  j)  = 

(i^‘35 

whence  it  follows  that  we  derive  (14.25) •  Ve  have  a  concrete  examople 
of  the  determination  of  g  (and  thus  also  of  the  gyromaghetic  relation¬ 
ship  If )  in  formula  (14.15). 
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r  other  forJKUjLas  for  g  facT^ors  are  obtRiaad  ;foi*  other  g  factors, 

e.?c,pre»s«!i:t  tkro'sigii  the  vivlu-s*  of  the  g  factors  for  aeciUtaaiAtod  ■Bi^sag,sxt& 

nth 
the 

foi*mwla 


itr.d  depenfijig  upon  the  orilSA  of  their  In  perticular.,  vitl 

(J.»  »l),*  %'  subatituting  end  .Tg  •»  Jg  in  (l4.30),  we  obtain  ti 

y  {j  -f-  s )  'f’  i\  (y?  "f"  V)  ~~  A  c/s  +  * ) 


g^gi 


2y{/-f  I) 

^  J  (/  l)  4*  A  (A  4-  0  ~~yi  iit  "f* »)_ 

"""2y{y4~I)' 

syusaetricfil  with  respect  to  the  qutotvya.  rmsi;e.ra  end  jg  v?aich 
determine  the  moaiftiita  j\  end  (the  suhs  of  which  gives  the  moment 

•/=y,+A)-  fhf.  factors  imd  gg  chiur*cter.l'/,o  ths  origtcai 
etatus  of  eiectroBiS  and  depend  upon  the  ouuaturc  nyjijbers  4*  j\ 

Iq,  s=:  for  theae  statueee.  Ihe  ■vai.yea  g.  aixi  gg  aa-e 

giv*^!  by  formula  (, 14.26)  (in.  which  the’  foi, lowing  aubetitutlexie  must 


be  nis.ds! 


4.  J: 


J'i  ^  ~~~ 


/g  aitd  may  be  taken  from 

Sable  l4.2  (for  doublets).  She  val.ue5  of  g  for  the  (j,  ,))  bond  for 
twc.»cliJcti’OR  configuratioaa  formed  by  p-  and,  cli-electronE  are  given 
in  Tabi.«  14.3*  lb*  velviss  of  g  at  varloua  possible  val-ues  of  j  (a»  in 
fable  ,l4.2_,  In  tfe*  form  of  ordlaary- asd  deai,!itsl  fractions)  «ire  gl-rau 
■for  the  .given  configurations  1«  the  rows  Cf>rr.!5spc>-:i,diag  to  the  defissite 

values  y'l*  J2  Ui  4 ‘h’  V2)  * 


In  the  trda.«it.lon  from  one  type  of  bti-rid.  'to  eiicther  t’.ie  g  fac¬ 
tors  of  the  iadivldutl.  levels  g2’84.ual.ly  caaRiiS,  al-thoui^  the  definite 
rule  of  SUBS  may  be  applied.  According  to  this  rule  the  /iw  o£  g 
values  for  all  levels  of  the  ooafiguration  considered  >ri,th  the  g.iv«n 
value  J  (2.57,  13)  .i*»  retaiiasd,  regardleca  of  the  typs  of  bond;, 

2,g’e(y)  =  C0nst  (i  Given  ).  (.14.37) 

a 

For  example,  for  the  configuration  dp  (cf.  Pev-^^irajh  9.I), 
giving  four  levels  with  J  »  2,  including  three  levels  with  1  »  3  W-d 
J  »  .1,  and  one  level  with  J  *  4  and  J  *  C,  .riAle  (14.3?)  tsUfilled 
for  etmh  of  these  types-  of  levels,  for  both  nermi  bond  mid  (j,  j) 
Lhond,  68  veil  as  for  aI3,  inteneediate  cases,  in  p-i-rticular,  for  the  j 


'  'uoiqus  with  J  «  4,  whieh  the  cnee  of  aorauil  bond  is  the  4*  ^ 

lewsl,  end  la  the  caae  of  (4,  j)  boad  is  'the  i(Va»  ^2)49  levels  'the 
veliie  of  g  ressains  luudumged  ead  «qua?.  to  1<250. 

In  the  oase  of  jp^  configuration  the  ralue  of  g  is  retained  for 
the  unique  level  vith  J  »  1#  and  the  sum  of  values  of  g  for  'two 

levels  with  J  »  2.  In  the  caee  of  ■the  level  trijbh  J  «  ijC^Pj  in  the 

case  of  normal  bond,  end  1(^/2*  Va)!  in  the  case  of  the  (.j,  Jj)  bond) 

g  »  1«5O0*  For  a  level  with  d  *  S,  we  .hare  in  the  eas®  of  norisal 

bond  lg(^Pi"i  «  Ig  (^P^)  «  1.000,  and  in  the  case  of  the  (4,  j) 

bond!^[(%.  Vs)^!”  ”  i-3339  i.e*  ia  bo'th  eases 

the  sum  is  equal  to  2.^00. 


L 


:jci 


SAQIf  Ik, 3 


I'ihe  e  Fc/itot-B  trtth  (‘j,  J)  Bead,  for  Tyo»-:sleci;roa  C!oKflgur&.tj.oRe 


Conflg- 

urations 

</i,  A) 

2 

3 

1 

4 

s  ■ 

5S 

2 

2,000 

ps 

<*/,.  */*) 

v» 

1.333 

V* 

' 

v« 

(Vi.  •/*> 

1,167 

1,500  0 

Vi 

"/lO 

ds 

<V«.  ‘/*) 

0.500 

1,100 

»v,. 

V* 

(Vi.  Vi) 

1,067 

1,333 

(Vi.  Vi) 

V* 

0,667 

pp 

(»/i.  Vi) 

i.fe; 

(Vi.  Vi) 

1,^33 

0,&3 

*»/m 

(Vi.  '/s) 

0,767 

dp 

(Vi.  Vi) 

•;& 

l.fe 

‘V,5 

1,067 

(Vi.  Vt) 

'  ‘Vi 

1,!!1 

(Vf  V*) 

l.l^XS 

Si 

1.A 

(Vi.  */») 

■■ 

0,&0 

Vi 

0,800 

■ 

dd 

(Vi,  Vi) 

*.'3 

1  lioo 

l!il>T 

1,088 

i,o3) 

(»/*.  Vi) 

i.^ 

lA) 

\!m 

V5 

1,200 

1.^ 

In  the  giinpleat  csses^  such  as  thep’^  coxifigiiratioa,  the 
chfia«e  in  the  g  factor  of  individual  levels  in  traaaition  frciu  one 
type  of  toad  to  another  may  be  coe^etsly  calculated.  Obaerved 
values  of  the  g  factor  iway  serve  aa  a  criterion  (t-ogs'ther  with  the 
dispoaitioi).  of  levela)  of  the  closenees  of  bond  to  the  iiaitiag 


In  the  lnt«xpgr«tatio£:  of  cauiplex  apetra  the  rale  of  sums 
(14.37)  he  applied  for  teitla^  the  correctneee  of  this  i&terpreta» 
tlon.  If  the  detexofned  (juaxctm  numbers  are  correctly  ascribed  to  the 
individusl  lerels,  the  rule  of  sums  must  he  fulfilled  for  levels  of 
the  given  conflgvu^ation  with  the  given  value  J. 

14.4.  ^pee  of  Zeeman  Spllttijcg  of  Spectral  Lines 


Let  us  consider  the  types  of  Zeeman  splitting  in  greater  de> 
tail.  As  mentioned  in  the  foregoing,  the  type  of  splitting  picture 
depends  strongly  upon  the  difference  ~  62*  yx:^n  the  values 

end,  Jg.  In  this,  the  values  aiid  Jg  detenaine  the  number  of  compo¬ 
nents  and  the  distribution  of  intensities,  and  the  difference  g^  -  g^ 
determines  the  distance  between  coaiponentB  in  each  group. 

Bie  position  of  individual  components  in  the  splitting  picture 
may  be  found  according  to  formula  (l4,2l)]  in  this,  the  following 
outline,  which  we  include  for  a  pextlcvlex  case  of  combination  of 


and  TOg  levels,  with  normal  bond,  is  adequate  for  finding  the 
splitting  picture.  For  the  first  of  these  levels  “  1*500, 


and  for  the  second  gg  »  g('^Gg)  “  5/6  *  0.833  (for  the  value  of  g  of. 
Table  14.2). 


%  (s.‘i) 
{"*  "f'j 


Here  the  values  for  both  spClitting  lerals,  equal  to  and  siggg  (cf , 
(14.8)),  ere  given  in  units  of  normal  splitting  The  transi¬ 

tions  with  ==  0,  i.e..  It- components,  are  indicated,  by  solid 
lines,  and  transitions  with  Am  ss=  d:  1,  i.e.,  o-componenta,  are 
indicated  by  broken  lines.  The  positions  of  the  individual  components 
in  relation  to  the  primary  line  are  determined  by  the  difference  mj_g^ 

For  the  «-  cemg^onenta  (Zi  »  *  o}we  have  ® 


.  h 

'■~2 


5-4 

'‘Z'Z 


0  a  0,  etc.  As  a  result  we  obte-ln: 


6 

8/6, 


o 

4/6,  0, 
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1  “p/S,  For  tivis  <5-  coBjicjcantB  ve  siicdlarly  o'btaJ.n:  17/6,  13/6,  ^ 

9/®j  5/6,*  1/6  (st  A  a  «  -  a  »  +  1)  end  -*1/6,  «  5/6,  “9/6,  “13/6, 

J*  d, 

-17/6  (ftt  id  ?a  »  -  asg  The  plc^'ora  ob-fcained^  jms  is  eKaphasissed 

la  Psriiii^nkjlh  .l-4-.a,  is  syaiosetrleai  vlth  xBspect  to  tiie  poBitioa  of  tiie 
:j»ria«r!f  ii»e.  Ute  coi&stftrtfc  dlstaaee  gj^  ■.  gj  Itwrfcwftftn  ftiSJaceat  coropo- 

Ksents  iLia  e&cSi  group  ia  t&®  gi?«n  case  is  to 


3 . 5 


4.2 


(14.39) 


7b«f  rssiilt  obtai>:&d  is  vrltten  ia  th«  follovlng  fom,  1&41« 
cutiag  only  ona-hnl;?  of  the  casspononte 

<0)  (4)  (8)  !  5  9  13  I? 

6  * 

where  •ch*  17  aosspoTient!?.  srs  in  p»r«nth*it!sc,  which.  «r«  l(So.ld,nu  la  the 
longi6'44iQ»l  Tiew.  Ih«  deaoainator  in  fp.Kulas  of  this  JcinA  (sobs©- 
tiioes  celled,  the  Siinge  denoBai-cator)  is  the  least  orraaon  Simltiple  of 
the  and  factca**  (which  la  the  gi'rsjn  ciise  ia  to  6). 


The  sane  recult  avey  ba  written  ia  decinaJ.  fractions  la  the 


rerm 


(0)  (0.667)  (1,333)  0.167  0,833  1,500  2.167  2,833.  (i4.4o) 


The  relative  iatenalties  of  the  cosq^ents  my  be  determined 
according  to  the  formulas  of  Table  14.1.  Suserical  date  for  the  r®la^ 
tive  IxAenaities  of  t?- component  a  ai3,d  c*  componejits  (for  trac-svcrae 
obse,r?iRtioa)  for  the  transitioRa  J — and  J  '— ?•  J  -  1  with  whole 
■yaluea  of  J  frost  1  to  4  and.  with  h8-lf*vsl,vMS3  of  J  from  l/g  to  7/2 
shown  in  Table  l4,4,.  Fos.'  convenience  'cha  iirtcneity  value*  giTe,u  hy 
the  tavmXas  of  Table  14.1  ©re  Bfaltipllad  by  2.  For  tfe«  traaeitions 
tusd  J «  I  6  fvjnction  of  intensity  different  from,  m  ie  ob¬ 
tained.  For  the  transitions  J-~>J  most  intenae  «•  component  a  vlth 
greataatt  values,,  and  0-  coK^onent#  with  least  valpea  isnl  are  obtained. 
For  the  J  J  -  1  trsneltion*  the  most  intense  TP- ocaponents  with 
the  lijast  values  of  f  ml  ,  and  for  0*  cooiponcnts  ii,  the  gi-oup 
Bi  +  i.  •— >  m  the  in'ienoity  increases  with  an  increase  ia  k,  and  in  the 
group  a  »  l«-4  »  with  a  deereace  in  m. 


L 
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TABLE  14 A 


TABUB  14,4  (CoKt'd) 
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TABLE  3A.4  (CoKt'd) 


'AEI^  Ik.k  (Coat'd) 


V 


r* 

'  According  tc  TAble  14.4  the  relntlTC  intensities  in  the  ease 

considered,  '^V  -  *^0  ,  (J  — -  1  transition,  where  J  is  whole; 

J  ■>  3>  d  **  1  *  2),  are  10,  l6,  18,  l6  and  10  for  the  /T-eoatponents, 
and  1,  3>  6,  10  and  15  for  a-  congionents.  Xhe  most  intense  nv.eoo* 
ponett  is  0  -  0,  for  ahloh  displacenent  is  equal  to  0,  and  the  most 
Intense  a-  coinponente  are  3-2  and  (-3}- (-2),  for  which  displaceBient 

is  eqjual  to  •  >  2.833*  These  coiqponentB  are  noted  in  (1^.39) 

and  (Ih.hO),  as  is  euetomaxy,  V  hold  face  type. 


Ag~0,6e7  9(%)<500  9(%h0,833 


T-'-r - ^ 


Figure  14.6.  Heture  of  Zeei&an  splitting  for  the 

Line  . 

'  3  2 

The  picture  of  splitting  for  the  line  ia  shown  in 

3  2 

7  7 

FigiUe  l4.6.  In  the  given  ease  ^  g  »  g  (‘F^)  -  g  ^  1.500  - 

0.833  *  0.667.  Ihe  length  of  the  iini^ss  is  proportional  to  the  inte»« 
sitiee,  with  the  JT-  coagpoaents  plotted  ahove",  and  the  cojtgjonenta 
helov'  the  bate  line.  As  may  he  see^  from  the  figure,  the  lateral 
tf.  components  snd  the  central  nr-cemponents  have  the  greatest  intensity. 

She  splitting  pictare  aay  he  hroten  down  into  three  types  accord¬ 
ing  to  dlstrihution  of  intensity,  which  are  illustrated  in  Figure  Xh-.J, 

OSie  first  type  of  dlstrihution  of  intensities  is  obtained  for 
j  — 5,.  J  -  1  transitions  at  g r  <[  ^  (Figure  l4.7  a).  Of  the  7t...coja- 

poiicnts  the  central  values,  corresponding  to  minimal  1  ia|  have 
grtMvtest  intensity,  and  the  external  values,  corresponding  to  the 
,  greatest  jmj  are  the  most  intenaa  for  the  c-  coBxponents .  Thus  the 


rintcmsity  oX  Tt- eo»3pon«i.it»  drops  from  wbe  esatftr  of  th«  grc^up  t<3ward 
th«  ed£ea>  and  tJbi>  intensity  of  the  <?>  cctmponents  also  drope  toward  the 
edges  of  the  eplitting  picture,  glrlag  a  diminution  tosrard  the  outside. 


%■%  if 


I'l  'l'i ! 
‘  j  j  ‘ 


1 1 1 

rMMnMjL«UM:KHa«i 

if 


g(%hm 


--nTT]J 

gl^shim  9(%jkM7 


Ag-o,m  . 


*ff%  iig-m 


■^rrTTrr-r^ 


b) 


I . 


T'rrTn'TT-r 


Figure  Three  types  of  Zeeman  spotting; 

a)  J  S-f  8-r 

b)  J  ^  J  -  1,  gj  >  ^  a)  J  — >  J. 


The  second  type  of  diatrilMitioa  of  a,nt?tioities  aZoso  is  obtained 
for  J  ’ — :?•  J  •'  1  transitions,  but  at  gj,^2  (Figiu'e  aod 

also  Figure  14.6).  Of  the  ’t-  com:^neiit8  the  central  Yalues  ar-'d  the 
most  intense,  but  of  the  rJ-  components  the  exten^Jl  values  axe  the 
most  intense,  because  they  nar  correspond  to  the  greatest  velue  of 
im|  .  Thus  the  intensity  of  1T- component &  drops  from  the  center  to 
the  edge  of  the  group,  but  the  intensity  of  the  e*  components  drops 
from  the  edges  of  the  splitting  picture  to  the  center,  giving  dlJainu- 
tio.u  toward  the  inside. 

The  third  type  of  distribution  of  intensities  is  obtai?aed  for 
tha  J~->J  transitions  (Figure  lh,7  c).  Of  the  Tv.- components  ths  most 
intense  values  ai'e  at  the  edges,  and  of  the  u-  components  those  located 
In  the  center  of  each  group  end  ■correspc-'nd.ing  to  the  least  value  of  -I  m| 
are  the  most  intense..  Thus  the  intensity  of  the  Tt-  co&poneats  in¬ 
creases  from  tiie  center  ivward  the  edges,  .«\d  the  intensity  of  the  o- 
components  drops  from  the  center  toward  botii  sides  of  each  gx’oup. 


o 


Ag--{I,4S0  .  I  g(%H(isi}  g(%H500 

- - - — 1  I  ^ — - - 


n 


•/ 


%-%  &g-\m  g(%)- 0,500  g(%H5Q0 

- '  - 

b)  ‘ 


Figure  14.8. 


dif- 


ft)  Crerlepplsg  of  O"  coiiq;>onenta  of  both  groups; 
b)  Exact  coincidence  of  coo^nente  of  both  groups. 


Figure  14.7  contains  characteristic  examples  of  three  types 
of  splitting  coiresponding  to  7^^  .  7y^  .  7g^  and  5p^  .  5(}^ 

transitions ;i  for  which  g|  *  0.133 •  With  an  increase  in  the  dif-> 

ference  g{  *■  j  g^^  **  gg  j  the  interwals  between  ccsiponents  in  each 

group  increase,  and  the  internal  components  of  the  two  groups  of 


d.  components  gradually  approach  each  other.  Ihe  internal  o>  ccmpo> 
nents  and  the  extenaal  7l>  components  begin  to  overlap;  an  exas^e  is 


the  7p^  -  7q^  transition  considered  above  (cf .  Figure  14.6),  relating 


to  the  second  type  of  distribution  of  intensities.  At  large 


*2 


differences  the  d>coiq;>onent8  of  the  two  groups  also  overlap 


(Figure  14.8  a);  in  this  ease  exact  coincidence  of  the  cf.components 
cf  both  grov®s  is  possible  (Figure  l4.8  b). 


TtM  presence  of  the  three  types  of  distribution  of  intensities 
described  ususUy  is  placed  at  the  basis  of  classification  of  the  types 
of  splitting.  According  to  Bacl^  these  types  of  splitting  are  indicated 
as  types  I,  II  and  III. 


'  Iyp«  I  5ypc  II  .  Type  III 

J  j  -  1,  g  <;  g  J  J  8  >  8  J 

w  V*  1  V  J*  1 

B«ck  includee  the  limiting  CMea  of  !Seemen-tr'4.jiA<^t8  under  type  IV. 

V| 

A  .ouevhKt  more  dettdled  clatimil'lcfttion  Is  applied  l9y  Eerrlaou 
(S40};  he  ixuilcetea  l^pe.  I,  HI  as  types  i.,  auad  3  fox*  the 
case  of  even  iaultlples  (helf-valiue  of  J)  and  types  4,  5  and  6  for  the 
case  of  odd  multlplea  (whole  value  of  J).  The  llndtlng  cases  of  the 
0  •  Sieeman  triplet  are  Indicated  aa  type  7  a  at  J  -  1-0  (l  ~r>0  transi¬ 
tion),  end  as  type  7  t  •*  •  g^* 

.  Conclusions  rosy  he  drawn  with  respect  to  the  values  J  and  g 

for  ccmbicicing  level,  according  to  experlMntally  observed  splitting 
pictures.  Two  types  of  cases  srust  he  dlBtinguls'a<!!d;  the  case  of  a 
conpletely  resolved  splitting  picture,  in  which  adjacent  oojisponenta 
ere  separated,  from  each  other,  and  the  case  of  inco&ipleteiy  resolved 
pictures,  In  which  adjacent  courponents  run  together,  fj.'c^uently 
observed  at  snail  velvies  of  the  difference  j  ^  8  |  "  j  *h  “  *2  |  • 

In  both  cases  the  general  character  of  distribution  of  intensities 
usually  enables  determination  of  whether  there  ere  combiMng  levels 
with  identical  J  values  or  different  J  values,  and  In  the  case  of 
different  J  values  the  level  with  the  grec^test  g  may  be  deterolncd. 
With  complete  resolution  of  the  splittliag  picture  the  J  and  g  values 
may  be  easily  found. 

The  possibility  of  finding  the  ..val^les  of  J  and  g  for  indlvldxtal 
'  energy  levels  on  the  basis  of  analysis  of  the  splitting  picture  is  of 
great  importance  in  studying  the  2>sema».  effect  for  interpretation  of 
complex  atomic  spectra.  If  the  levels  of  the  conflguratlonB  which  liisy 
•  be  expected  for  the  specti'um  of  the  investigated  atom  or  ion  are  known 

from  theoi-etical  consideration,  or  from  ccaparison  with  analogous 
spectra,  selection,  of  the  values  of  J  and  g  may  resolve  the  problem 
of  the  type  of  bond  which  exists,  and  it  may  be  determinsd  whether 
the  bond  is  close  to  the  normal  quantum  nvxmhers  L  and  S. 

It  mast  be  noted  that  in  finding  the  values  of  .L  and  8  not 
tables  of  the  type  of  Table  14.2,  but  tebles  in  which  the  values  of 
the  g  factor  are  listed  in  mounting  order,  and  the  level  giving  this 
value  of  g  is  given  ere  used.  Tables  of  this  type  are.  drawn  up  indi¬ 
vidually  for  levels  of  even  and  odd  multiple  terms,  up  to  the  multi¬ 
plicity  values  X  »  10  and  11. 
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'  -valuAs  of  J  «nd  g  vlth  con^ete  resoltitlon  of  ttie  eplittiiJg'^ 

picttiTe  ere  detemlnad  as  iollawe, 

[Che  ounber  of  ooagioiieBte  eXeo  fires  the  raXue  J  *  For  J  J 
transitions  the  munber  of  c/- oouponents  in  each  groiip  is  equal  to  2J^ 
sad  the  nuniber  of  Tt'CoapoiQexits  is  equal  to  2J  >  1  for  hrtlf-relues  of 
S,  end.  2J  for  ehole  -values  of  J  (taking  into  account  prchihition  of 
the  transition  m  »  0— em  *  0j[  cf»  TahL>s  14.2  and  14.4).  For  J‘— >  J 
>  1  transitions  both  -bhe  nukber  of  oi'>coTiq^nents  in  each  group  and  -the 
lambar  of  TT^eos^aents  is  equal  to  2J  •  1  (cf .  diagram  (14.36  corres* 
ponding  to  J  *  3/  2J  -  1  «  5)» 


the  -ralues  of  the  g^.  Sg  factors  sre  determined  on  the  basis 


of  measiurcment  of  -the  distance  between  adjacent  coim^nents 
0  *  1 8^  -*  Cg  I  end  the  distance  of  2f  between  -the  most  Intense  •:<[' 

cotcponente  of  both  groups.  For  -these  -values  -we  hare  -the  following 
relationships  for  the  -various  types  of  transitions: 


V-a-y— 1  gi<ga 

1  gi>ga 


|r,  3B/4.(i— 1)S, 

=«/~(y—  1)#. 


^*“*/+yf»  ' 

g^m,f^Ji, 
fl**/— -J* 


(14.41) 


Act'uaily-j  for  J  •— >  J  •>  1  transitions  -the  most  intense  d'-coiv 
ponentB  correspond  to  |  mj  ,  equal  to  J  -  1.  Ibeir  positions^  ac- 
cording  to  (l4.21)  will  be  (in  jfig units): 

1|  at  m  =E»  7—  1  Itrittisltion  m  -“f*  I  y  si  «»  y—  I) 

i(«:i--^a)(y— (14.42) 

I  I  at  t  w  sss  y  4“  i  1  transition  SI  —  l«»-~y“>stM—“y<>|*'l) 

— iTt)  </— 1)— 

and  the  difference  between  these  positions  is  equal  to 


|2U,  +  (ffi-f.)  (•/-')!  =2/-  ^‘‘■‘‘3) 


a.nc.  t  -  e,  -  •  (J  “  1)  g,  <  «,>  ^  *  O  -  1) 

at  6^  >  g^j  and  -  gg  *  e,  giving  \xs  the  final  res-ult  (l4.4l)  for 
J  J  -  1  transitions. 
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i  F02*  ij  if  wxOjJj}  the  most  iateiisc.  <iist.cou5}Oj5cnto  corra»-  -j 

pond  to  trsacitious  vlth  mlaiasai  |«|  ;  annely  (cf.  I'ahls  14.4):  ‘ 

transition  1/8  — >  -  l/;2  sad  -l/2  ^  1/2  at  bAlir- value  J 
transitiaa  1  — 0,  0  < — ^-1  and  -1  --J*  0,  0  — J'l  at  >rhol.e  J . 

In  the  first  case  we  find  the  positions  of  th.;?  coe^neats  ac¬ 
cording  to  (14.21); 

at  m  =»  —  ( tracsl-i  /R  4- 1  »*  ■!■  R*  —  —  vi  ^ 

.2  V  tion  '2  2/ 

at  m  s=«  Ytransi-i  m  —  1=  — 

'  tion  *2  2 ) 

(14.4-4) 

The  difference  between  thcae  positions  is  equal  to; 

■+■  ii  2/  (1 4.45) 

'Uhen,  tiUUng  >  6g>  we  find; 

Ml  4  Mi  “  ^j)  4  2^j  sa  <?  4*  2^8  '■«  2/ ,  gi  4  J'l  «» 

*  ^Mi  igi  •“  gi)  «'■  2^r,  — .?  ==  2/  (14.46) 

and  obtaixi  the  resialt  (l4.4l)  for  J  J  treuaeitionf!! ••  The  seae  I'e- 
8Ul.t  also  ifl  obtained  in  the  second  case,  if  the  distance  between 
coB^nents  .Ik  ta^en  at  1 — ^^0  (position  of  g, )  and  0  — •>  1  (ioosition 
of  gg),  or  the  di,st3nee  between  -the  compcneats  0  — »  -1  (position  of 
gg)  -l-H^O  (position  of  g;j^)  or  finally’,  the  distance  between 
centers  of  the  pairs  1  — >  0,  0* — ^-1  aaid  -1- — ^0  («t.  Figure 

14.9). 
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^Tigure  l4,9,  Mstance  between  coogponents  of  the  aplitting  picture 
for  J  — >  J  transitions  at  whole- value  .J. 


J.  I 

^  (Ml  4*  ^2)^  I 


^  Ihe  picture  of  splitting  depleted  in  Figure  Ik, 6  nay  serre  as 
an  exesqple.  Let  us  assune  that  the  ralues  J  and  g  are  unknown.  Vfe 
hare  the  distrlhutlons  of  Intensities  at  >dilch  the  central  ft  ^coiqponent 
and  the  extreme  if*  components  of  hoth  groups  are  most  intense^  l.e^ 
the  case  J  «T  -  1^  gj^  >  gg.  Ihe  number  of  components  in  each  group 

is  equal  to  5  -  2J  -  1,  whence  «=  3Wg  “  J  -  1  “  2.  She  distance 

between  adjacent  con^ponents  is  e  »  0.66*7^  end  the  distance  between  the 
moat  intense  O’>ooapoaents  is  Sf  *  5*666.  Thence  according  to  (l4.4l) 
(second  row)^  We  hare: 

=»  2,833  —  2  •  0,667  =  1,500;  g, «  2,833  —  3  •  0,667  =  0,833. 

In  the  case  of  incon^ete  resolvition  of  the  splitting  picture 
identical  determination  of  all  the  ralues  Jg>  and  gg  ia  iaqios- 

sible.  j^varer^  in  this  case  many  conclusions  may  be  made  relative  to 
the  properties  of  the  combining  levels.  In  addition  to  relating 
transition  to  one  of  three  main  types  according  to  the  chai'scter  of 
distribution  of  intensity,  it  is  possible  to  measure  the  distance  2/1 

between  the  centers  of  gravity  of  two  nonre  solved  maximums,  idiieh 
form  two  groups  of  <f’~component8.  For  transition  of  the  type  J — >  J 
the  group  of  /T- conqjonents  also  gives  two  nonresolved  mavim^imR  lue  to 
the  fact  that  at  minimal  values  of  |  m  i  the  intensity  is  minimel,  and 
a  barrier  is  formed j  the  distance  2/n  wtween  centers  of  gravity  of 

these  maximums  gives  the  second  parameter  characterizing  the  given 
transition,  which  at  a  given  J  enables  determination  of  the  values 

®1 

14.5.  The  Zeeman  Effect  in  Strong  and  Intemadiate  Fields 

In  the  foregoing  paragraphs  we  discussed  the  Zeeiaan  effect  in 
weak  fields  in  detail,  in  which  the  magnitude  of  the  Zeeman  effect  is 
much  less  than  the  distance  between  adjacent  levels  of  energy  (cf . 
(1^*9) )•  let  us  consider  now  the  case  of  a  strong  field,  when  con¬ 
versely,  the  magnitude  of  the  Zeeman  splitting  is  much  greater  then 
this  distance  (cf.  (14.10)). 

For  electronic  magnetic  moments  of  the  atom  with,  which  we  are 
concerned  in  the  present  chapter,  having  an  order  of  magnitude  of 

jig  and  for  irtiioh  the  conditions  (14.9)  and  (l4.10)  have  been 
described,  the  ease  in  which  the  distance  between  adjawjent  levels  is 
determined  by  multiple  line  structure  is  of  greatest  importance.  In 
other  words,  the  most  toportant  case  is  the  noimal  bond,  when  there 
are  close  levels  forming  multiple  terms  with  multiple  line  splitting 


*of  the  ordei'  C  (I»j  3)i  ia  tAich  C  (i<»  S)  is  the  aaitlplc  llm  «plit  “] 
fsetor  (at,  ¥«tr«itn!^  S' ‘S')-  At  »'Ai»t«Bce  hetwissea  ad^laceat  levels  on 
the  order  of  i  ^  (l.  3}  the  coaditioas  (lt.9)  «md  the 

fona; 

vehk  field  '^)»  (14.^7) 


strong  field  S).  (ikM) 

In  the  letter  case  it  is  IwposBiTBle  to  speak  of  iadepaKdeht 
splitting  of  each  level  of  »  gi^ea  »»3.tli>ls  line  term;  a  apllfeting 
plotiore  general  for  all  levels  is  b'otsiacd^  As  a  result  j,  in  a  ver^ 
strong  field  «•  Seenan  triplet  for  the  entire  aultiiCle  »*  a  wholes,  trith 

ncnaal  splitting '  JigH..  i«  observed  iaat&sd.  of  a  co»rs3le.ii;  feexasoi  effect 

for  each  line  of  the  isailtlyle .  Oatis  affect^  first  discovered  liy 
Paschea  auA  Bask  In.  I9IS  (174,,  I6)  received  the  nsm  of  the  S‘aaehert» 
Back  effect.  It  occurs  .in  svffieiently  strong  magnetic  fields  far 
light  etoffis  in  irtjich  the  factor  of  ieal,ti|il*  splitting  1 1,  is  smail 
and  nisj-  fulfill  the  con.d.it;loc.0  of  (14,43). 

!lhe  Fasoaen-Bank  effect  is  readily  explained  o.n  the  basis  of 
grephie  represeatatioaB  of  the  precession  of  laagaotic  ^acaaents;  the 
results  obtained  ecinsidtg  vlth  the  results  of  the  (^.liantu^  isechanical 
theory  ,ixa  the  strict  sense. 

•  ©le  physical  conditions  (14.43)  »eim  thst  the  supplcE^at-asy 
energy  ondr  cabltal  and  spin  acgaatlfc  raamato  in  the 

iuagaatie  field  on  the  order  of  iji^/if  is  uiuch  greater*  than  tb*  eiaergy 
of  spin  orbital  interaction 

A(LS)^^,iLt  S)(tS)  (iefi  (9.35)), 

AccordJ.ng  to  grajaiic  reTweaentation  the  angular  velocities  of  j»«ees~ 
alon. 


JH 

j(orb} 


1  H= - 

j|(spin; 


(14.49) 


L. 
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^cf.  (2.59),  suaa  of  orbital  and  spin  momente  L  and  S  “] 

in  the  direction  of  the  field  hecome  naich  greater  than  their  angular 
velocity  cef  sissultaneoius  precession  in  the  direction  of  the  cgnqplete 
aioBient  J  (cf .  Figure  2.8,  c,  »  L,  Jg  «  8).  As  a  result,  the  jnagnetic 

field  hreeks  the  bond  (L,  S)  and  each  of  the  vectors  L  and  S  precess 
around  the  direction  cd*  the  magnetic  field  independently,  giving  the 
gpentupi  projections  nij^  and  Og  for  this  direction.  Thus  at  the  sane 

time,  as  in  the  case  of  a  weak  field,  the  complete  moment  J  precesses 
around  its  direction  (Figure  Ih.lO,  a;  angular  velocity  of  precession 

much  less  than  the  angular  velocity  of  precession  Z.  and  S  around  /) 
the  Boments  L  and  5“  precess  around  this  direction  separately  in  a 
strong  field  (Figure  14.10,  b).  In  the  latter  case  the  quantum  number 
J  completely  loses  imeaoixig;  the  coutplete  moment  of  the  atom  J  is  not 
retained,  and  the  condition  of  the  sj-^stem  is  characterized  by  the 
quantum  nutmbers  L,  and  8, 

'jOie  formulas  (14.3)  and  (l4.4)  hold  for  the  supplementary 
energy  in  a  magnetic  field  for..  L  and  for  S  separately,  and  may  be 
written  in  the  form: 

(1^‘50) 

(1^.51) 


a)  In  a  weak 

field; 

b)  In  a  strong 

field; 


iFigure  14.10.  Precession  of  moments. 
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i  The  ccaaplete  auppiei'^ntajy  energy  in  a  iragnetic  field  is  eq,ual  to 


=  !igH(/Bj+2mj).  (14.52) 

Because  is  alvays  whole  arid  2Eig  also  is  whole  (even  at  half- value 
Dig)  sublevels  are  obtained,,  the  distances  between  which  are  whole 
muitiplee  of  the  normal  split 

Formula  (lk.^2)  may  be  obtained  directly  by  ciuantum  mechanical 
procediures  by  ataitlng  out  with,  the  type  of  operator  of  supplementary 
energi'  in  the  magnetic  field  (cf.  (iV.ll)  and  ,(14.32)),.  When  the 

spin- orbital  interaction  A  (W  may  be  conBldered  smaJJ.  in  comparison 

to  the  operator  t'  =»  .  the  projections  of  1.  and  S’ 

in  the  direction  of  the  field  ^must  be  4haiitl2ed  sepai-ately,  the 
proper  value  of  the  operator  Lg  is  eq,uel  to  the  proper  value 

of  the  o:perator  Sg  eq,ual  to  aig,  and  the  average  value  of  the 

operator  V  in  the  condition  of  the  given  values  of  L,,  and  S, 

coincide  with  its  proper  value  end  are  eoual  to  (cf .  (l4.l2)  through 
(14.15)): 

»■'  /  4'*im£.S «5  r  +  J  ^umiS  ms  ^ 

=  2w5).(l4.53) 


The  rule  of  selection 

Ami  =  0.  ±1 

and 

^ms  --  0. 


,(14.54) 


hold  for  the  ciuBTAtum  numbers  aij^  and  Big  for  ordinary  -iipolar  radiation. 
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^Theee  rules  of  selection  are  partial  cases  of  the  general  rules  of 
selection  (4.157)>  with  prohibition  of  Am^=  ±  1,  transitions  for 

the  spin  magnetic  quantum  number  which  are  possible  in  the  general 
case. 


This  Is  connected  with  the  fact  that  the  electric  dipolar 
moment  of  the  atom  >P  depends  sole^  upon  the  spatial  coordinates 
(cf.  (4.33)).  Stating  the  wave  function  '4'm^,  miy  in  the  form 

!  ms  ““  ^mi  O')  ^m^  (»)*  (1^-56) 

where  4'm/ O)  a  function  of  the  spatial  coordinates  ly,  and  («) 

is  a  function  of  the  spin  coordinates  9,  we  obtain  for  the  matrix 
element  of  the  dipolar  moment  the  expression 

“/ (14.57) 
which  revei*ts  to  zero  due  to  the  orthogonality  of  the  functions 
'^ms  (o)  and  (9),  if  mg  ]!<  m^,  which  also  gives  the  rule  of  selec¬ 
tion  (14.55).  It  is  noted  that  the  given  conclusion  is  correct  in 
the  case  of  a  sufficiently  strong  field  when  it  is  possible,  Ignoring 
spl2>.  orbital  interaction,  to  represent  the  wave  function  in  the  form 
of  (14.56). 

As  a  result  of  the  rules  of  selection  (14.54)  and  (14.55),  in 
a  strong  field,  with  transition  between  sets  of  levels  of  two  multiple 
terms  a  nondisplaced  tT- component  (at  ^m^^  -  ^mg  0)  and  two  sysv* 

metrically  disposed  displaced  cr-components  (at  ^  m^  >  1,  m^  «  0) 

are  obtained,  i.e.,  a  Zeeman  triplet  with  normal  splitting  is 

obtained.  Thus  in  a  strong  field  the  simple  Zeeman  effect  with  pr»Timal 
splitting  must  be  observed. 


The  outline  of  transitions  and  the  picture  of  splitting  ob¬ 
tained  are  depicted  at  the  right  in  Figure  14.11  for  the  particular 
case  of  transition  between  eublvels  of  the^  term  2p(L  ■  l,  s  ■  l/2) 
and  sublevels  of  the  term  (L  «  0,  S  «  l/2).  The  values  mj^,  mg  are 


indicated  for  each  sublevel,  also  the  values  of  their  sums  m 
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^  At  the  given  values  of  and  Sg  the  supplenBentasy  energy  in  a  aiagnetld 
field  16  deterjBined  by  fonmjila  (lh.52).  It  is  noted  that  for  the  term 
^  we  have  MS  wiil  as  at  »  1,  *  -  l/2  and  at 

%  “  “  “s  “ 

Ihe  splitting  picture  discussed  is  obtained  when  spin-orbital 
j.ntei"action  may  be  oomplstely  ignored.  If  this  interaction  mat  be 
taken  into  consideration  as  a  correction  -under  tJie  conditions  of 
(14.48),  its  megultude  mey  be  determined  reedlly,  being  e<3.ual  to 

S)mims>  (14.58) 


ttroog  jtlAld 


Figure  14.11.  Coa^per'ison  of  splitting  in  a  yrt-ojs.  field  end  in  a 
strong  field,  for  %  -  transition. 
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r  Midinjt  (14*58)  «iid  (14.5s)  we  obteln  the  coss^ilete  ruppleaentiufy”*^ 
,  energy  in  a  aiirong  iw&gnetlc  field 

^  C(iEf*,  S)Ml/tts-  (^^*59) 

ForjBulflh  (14.58)  nay  be  obtedned  eaaily  by  startlRg  out  from 
tbe  expreBsioKi  for  the  energy  of  aipia- orbital  interaction 

AiLS)^l(L,S)iL$)^l(L,S)LSco6iL,S).  (l4.6o) 

At  the  B*im  tine,  a*  In  a  veaA  field.  (^)  haa  the  coasiletely  deter*, 
ttined  T8a.ue  1/2  IJ(J  »  1)  -  3(S  +  1)  -  L(L  +  l)  (cf.  (2.86)  msA  9.35) 
in  a  Btrong  field,  when  L  end  preceae  in  .independent  manner  and  the 
average  value  (LS)  »  L3  coe  (£,  5)j»u«t  be  used.  The  cosine  of  the 
eiigle  helweeii  the  vectors  L  *xi&  S  “sy  be  represented  in  the  form  (cf . 
Figure  14.10  b), 

cos  (L  *5?)  =•  lijos  (x,  L)  cos  {x,  S)  Hh 

cos  (y,  X)  cos  (y,  5)  -I-  cos  (z,  L)  cos  (z,  S). 

In  averaging  thiB  expreasipn  the  average  value  of  the  first  two  jaeiB* 
bars  in  tihe  right- hand  portion  is  eq.ual  to  zero  (englesli,  and  $  with 
axis  X  and  atis  y  change  independently),  and  in  the  third  mesber 
lit, 

CO$(z,  X)=  -j~  ,  cos  (Z,  5)  ”  4huit 


C  (L.  S)  (ISj  =>  C  (I,  S)  IS  cos  (I,  S) 

mi  Wo 

C  {L,  S)  LS  C  ill  S)  m^. 


i.e.,  we  obttJja  expression  (14.58).’ 


TnXinii;  into  account  the  aecoad  laeiaber  in  (l4.59),  conditioned 
by  3pia« orbital  interaction,  leads  to  the  fact  that  sublevels  with 
differeni,  vaii;*ete  of  js^^,  »g  will  not  be  etjui-diataxit  and  the  splitting 

picture  In  f.twjuaition  between  the  sublevels  of  the  two  ter/jss  will  only 
approxlffitite  tbA  Seeiaan  triplet,  differing  from  it  by  the  presence  of 
the  strddtxjre  of  indivlduel  coaiponents  of  the  triplet. 

p  p 

For  example,  In  the  discussed  case  of  P  "S  (figure  l4.1i) 
transitKin,  fcr  the  term  %  the  meKber  C(^P)W/,W5  gives  the 


’  coTTi^rclOix  5, 'or  the  stibleyoliS  %  «  -  1.  .b5„  »  j.j2  sexi 

1/2^  ftiicl  %hB  oorr^ciiou  2i’c;r  the.  coinclfSlug 

.j._  *  “  I,,  xa^  “  l/£  arid  soj^  «  i,  iSj,  «  -  1/2;  tte'  suKLevelis 


n<5^  «  1,  3=^ 

sublev'sla  m. 


21^^  «  0.  re.,_,  ~  «  1/2  Kxid  »Vf  ~  O..  iRj;  K-  i/g  ra-taln  -bliftir  3.>cs;i,t:lor!..  ',&« 

7r-c."Qriipor.ieE.t  :i.a  the  apTilttiXig  pdctuz-e  retains  its  ■pom.vtxonf  but  tae 

O"-’-.0J.'ij;'Osiajits  vidi.  Isb  doubled,  villi  splitting  egual  to  ■> 

Di£233..ae8J/ie.vit  oi'  3ubl,.4'v«l>5  ttX(.d  splitting  of  pj-coffipoaents  ar®  indi- 
etited  in  t&e  right-- iraxid  pcu'tio.n  of  FiguS'e  14,11-  A  ajtilar  p-ictia-e 
is  obser^red  for  th&  fiJ'at  atwaber  ct  the  m&j.n  Li  eerie.^,  repreise-jti'.fid 

by  the  doub.l.0t  2s 2/J  vitb  0,3^!  epl:Li‘<ting 

(cf.  Telae  y..T).t  vh-ita  aocoKtis^  to  (6,:?S)  ie  aqucCl  to  «=*  ®/i‘^  (^*^7 

wh®»ca  C(^-P)'~0>23  *.  ,  In  a  rtegoetie  field  of  20,,  000  geuse, 

ft<'jcorvl.1.ng  tc  tXh,6)  the  dista-uce  2fig//bi!t«reer)  xT-'^.iOsajKixvsnts  is 

2  •  0.93^  “■  1-8?  ciiT^i:  tJhe  sjd..tttir!ig  of  these  eoiupoiifM-its  is 

equa-'L  to  C  (^P)  -•«  0,23  CM"' K 

To  the  present  tiroe  we  have  discu-ssed  the  ileeiusn  effect  in 
\«sik  and  strong  fieldt,  iri&e jfflnAe.ntly ,  Vfitb.  &  fsrsdual  iuarease  in 
the  field,  a  grsclu&l  ohexag®  in  the  splittf.?.'!,;  piotu.?®  of  tbe 

lev^jls  siid  of  the  e|)«s*st:ru?xl  lines  slao  ocem-s,  co:a..xi.st..i"rg  of  a  trsaai- 
nion  i'rc-m  the  S^ejiis-n  effect  in  >?«;ete  fields  bo  t'm  Keejaac  effect  in. 
s:t..cong  field.s.  lb*  reagnit’zde  of  Zeeaaa  splitting  i.a  xatftnf.iC'dia.tt'j;  or 
fields,  i.n  t.rxuis.tt-lou  #rox->  ve-sife  to  irtropg..  xs  on.  the  ai^.we  orde.r 
as,  r>iulti,ixl«“lin€;  splitting. 


ii»  ^  C  (.£.■,  S), 


(14.61) 


and  this  greatly  ooiap-licates  the  splitting  picture.  Sie  dic'r.snsf;  be:- 
tween  coraponente  does  .not  change  in  px-oportica  to  the  magntrtic  field, 
and  th®  differsat  ecxwpo.pents  behave  diffex'-ently ,  Co.oir',l,ete  ca3ipu.tai'.io.”i 
of  tij*  ,?p,llttixtg  of  ta..nas  is  compJ.ic&ted  and  laa-la  to  lur.-iel'l'i  foxnio.las, 
aitboufy*  a.  qualitatiYe  pic-tr-re  m&y  'oe  obtained  fo'f'  intc;rT.-;®diate  fields 
vri1:.hcn?t  cg...lculation  th.rough  eojTp&riaon  of  .^laasaaa  sublevels  and  li-icLtlng 
Qii-stH  i.-f  sjkI  ntroi^g  fields. 


5.3 


Ab  we  have  8een>  the  cofirplete  mechanical  iooraent  J  1b  not  re¬ 
tained  in  the  transition  from  a  weak  to  a  strong  field  (cf .  page  42); 
however,  the  cocgJlete  projection  of  Biechanieal  aonents  of  the  atom  in 
the  direction  of  the  field  remains  constant,  and  retains  its  value  m. 
In  a  weak  field  this  projection  is  m  =  m-,  where  m_  acquires  2J  +  1 

u  J 

values  (jCj  »  J,  J  -  1,  ....  -j)  for  the  levels  with  given  J,  In  a 

strong  field  the  eaagjlete  projection  is  equal  to  the  sum  of  the  pro¬ 
jections  jxt^  and  flig  of  the  moments  JL  and  S  < 

(14.62) 

where  m  «  L,  L  -  1,  -L  and  m-  =  S,  S  -  1,  ~S.  For  the 

Xj  ® 

given  term  the  number  of  sublevels  in  a  weak  field  and  in  a  strong 
field  is  equal  to  the  number  (2L  l)  (2S  +  l)  and  is  identical  for 
the  two  cases,  regardless  of  the  conditions.  In  this,  the  value  of  m 
is  retained  for  each  sublevel. 

Betention  of  the  value  of  the  coscplete  projection  is  connected 
with  the  axial  symmetzy  of  homogeneous  magnetic  field.  In  the  case 
of  axial  symmetry  this  projection  is  quantized  independently  of  the 
intensity  of  the  magnetic  field.  In  this,  the  operator  Jjj  ®  L^,  + 

of  the  complete  projection  of  mechanical  moments  coincides  with  the 
operator  of  infinitely  small  revolution  around  the  direction  of  the 

field. 


Knowledge  of  the  value  of  a  is  insufficient. for  comparison  of 
sublevels  in  a  weak  and  strong  field.  Uaequi-voeal  cctaparison  is  ob¬ 
tained  if  in  addition  to  retention  of  m  the  rule  that  different  levels 
with  the  saas  value  of  m  must  not  intersect  in  the  transition  from  a 
weak  field  to  a  stroz&g  field  is  taken  into  consideration.  Ihe  given 
rule  is  a  particular  case  of  the  general  nile  of  nonintersection  of 
levels.  According  to  this  role,  established  by  Wigner  and  Neumann, 
(203)  ii*  several  quantum  numbers  are  retained  in  the  transition  from 
one  iiiui.ting  case  to  enothe?  levels  with  identical  sets  of  these 
quantxan  numbers  may  not  intersect. 

Bearing  in  mind  the  retention  of  m  and  the  rule  of  intersection, 
comparison  of  sublevels  in  a  weak  field  with  sublevels  in  a  strong 
field  may  be  easily  accomplished. 

ISiis  type  of  comparison  is  indicated  in  Figure  l4,ll  for  the 
case  of  the  ^  term.  In  a  weak  field  the  level  split s  into  two 


!  subleTeis  vith  m  •  »  lf2,  -l/2,  sM  the  ^^■^12, 

Bvhlerele  with  m  «  »  3/2.,  1/2^  -1/2,  -3/2j  0  total  of  (2L  +  l) 

(28+1)*3*2»6  ayhlaveie  la  oitodaed.  In  &  strong  field  6  sub¬ 
levels  are  obtained  also,  which  we  hsve  dlseuased  in  the  foregoing, 
of  which  two  (bIj^  “  Ij  “3  “  -1/2  and  »  -1,  Bq  *  1/2)  coincide. 

Hhe  lower  sublevel,  with  mj,  «*  -l/2,  cofaverte  into  e  sublevel  with 

*  0,  Kg  “I/2,  and  the  upiper  sublevel,  with  Wj  »  -1/2  converts 

into  a  sublevel  with  uij^  *  -1,  atg  *  +1/2,  becauae  there  may  not  be  bxx 

intersection  of  these  sublevels  in  intenaediate  fields.  Similarly, 
the  lower  sublevel,  with  uij  *  1/2,  converts  into  a  sublevel  with 

Bg  «  1,  la^  >»  -i/2,  and  the  upper  sublevel,  with  «  1/2,  converts 

into  ft  sublevel  with  »  0,  Bg  *  l/2.  Finally,  the  sublevel  with 

Bj  «  -3/2  and  =  3/2  convert  into  sublevels  with  b^  =•  -1, 

B„  »  -1/2  and  m  »  1,  m-  »  1/2,  respectively.  The  diapoaition  of 

a  Xi  V 

aubleve?va  ia  Indicated  in  Figure  14.I1,  taking  into  consideration 
the  factor  of  multiple-line  splittir«j  ,  in  accordance  with  (14,39). 

In  other  caaes  comparison  is  made  dii  a  similar  Minnisr.  Change 
in  the  splitting  picture  of  spectreo.  lines  in  transition  from  a  weak 
field  to  a  strong  field  also  msy  be  traced,  b'rt  will  not  be  diaeuaaed 
at  the  present  tisje. 

Our  discussion  has  related  to  the  case  of  a  normal,  bond. 
iBreaking  of  the  (j,  j)  bond  in  a  strong  magnetic  field  also  may  be 
discussed  in  exactly  the  earn  manner  aa  well  as  the  bond  of  any  givaii 
two  vectors  and  forming  the  resultant  vector  /  sss  /j  ~f“ 

Suppleiuentary  energy  in  a  strong  magnet  3.c  field  breaking  the  (j^,  Jg) 

bond  m»y  occur  aimilaxly  to  (l4.5£)  (cf.  (l4.8))i 

^2  Wj).  (l4,63 ) 

In  dj.Btinction  from  (14.52)',  however,  the  di8tar»ce  between  the  sub¬ 
levels  obtained  will  not,  general-ly  speaking,  be  wbvole  multiples  of 
Lth*  normal  split  fig  /i,  Zeejcan  triplets  with  normal  splitting  will  , 
not  be  obtained. 
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Br&wkisig  of  th«  'bond  of  Turloug  jiaoioentt  uitor  occur  in  seirer«Q.  ^ 
•tagea.  ?or  for  triplet  tanas  of  tvor-eleotron  cocfigurationa 

the  bond  between  b  and  S  will  break  first,  as  bas  been  described  in 
tbe  foregoing,  after  idxieh,  in  sufficiently  strong  fields,  tbe  bond 
between  |{^  and  |/^  and  between  ^2  break  (eoniplete  effect  of 

F8«cben>fiaek} . 

The  practical  Zeeman  effect  in  strong  and  intermediate  fields 
xs  observed  for  light  atens  and  also  for  high  tefns  of  heavy  atoms, 
l<e.,  in  cates  in  whieh  splitting  conditioned  by  spii>>crbital  Inter- 
action  is  not  very  great  and  does  not  exceed  seweral  cnT^. 

m  closing  the  present  paragraph  it  may  be  noted  that  in  com* 
pari  son  of  splitting  of  energy  levels  in  magnstlc  fields  of  various 
intensities  very  useful  rules  of  sums  may  be  estsbltshed  for  groups 
of  Sublevels  with  given  values  of  iprantum  number  m,  r^etalning  appllea- 
tlon  in  a  magnetic  field,  nsnely  the  rule  of  sucos  for  the  g  factor  and 
the  rule  of  sums  for  the  magnitude  of  sjditting  (cf.  (13) )• 

14.6.  general  CSutraateristies  of  Kagnetic  Itesoaance 

Let  us  consider  at  this  point  magnetic  resonance,  l.e.,  forced 
transitions  between  sublevels  of  Zeeman  splitting*  On  page  1  the 
general  cb.arscterlstles  of  magnetic  resonance,  correct  for  both  elec¬ 
tronic  magnetic  resonance  condltioxied  hjr  electronic  magnetic  momezrts, 
and  also  nuclear  magnetic  resonance  conditioned  by  nttclear  moments, 
plus  rotation  magnetic  resonance  conditioned  by  rotational  mgv^netlc 
moments  were  given*. 

Transition  between  two  Zeeman  sublevels  of  a  level  of  given 
value  J  and  having  identical  even  nunber  is  possible,  according  to 
the  rule  of  selection  (4.1*i4),  only  in  a  magnetic  dipole  and  in 
^uadrlpolsr  radiation.  Bovever,  in  the  radio  frequency  range  of  the 
spectrum  the  probabilily  of  quadripolar  trenaitions  in  comparison 
with  magnetic  dipolar  transitions  is  very  small  (the  probability  of 
quadripolar  transitions  much  faster  than  the  factor  Iv^  decreases  with 
freqxMiney},  and  only  the  magnetic  dipolar  transitions,  the  probability 
of  which  is  determined  by  the  magnetic  moments  of  these  transitions 
(cf.  (h.73))  need  be  taken  into  consideration.  Actually,  accordittg  to 
(4.6^)  the  ratio  of  the  probAbilily  of  quadrlpolar  transitions  to  the 


*)  Magnetic  resonance,  cemditioned  by  nuclear  aouexits,  will 
be  discussed  under  Chapter  I6,  and  that  due  to  rotational  moirenta 
are  discussed  in  Chapter  I9. 

L. 


pprdbability  ot  magaetlc  dlpoltr  tyanaitio&iii  hiui  the  folloirlsg  order  ol^ 
BUkgoittide 
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that  the  ratio  €  is  on  the  oxaier  of  i.e.,  it  is  vexy  Biaall. 

!iSiu8  the  traasltlona  hetveen  sublevels  of  Zcesaisii:  splitting  are 
conditioued.  by  ESgaetia  dipolar  radlatloTi. 


It  is  very  ia5>ortaa.t  that  the  px’obaibillty  of  sjfoataiiaous  transi¬ 
tions  between  Fjeeoan  sublevels  is  ineigcifioftKtly  snails  and  that  spon- 
taneoxis  eznanation  is  lachiag.  Shis  is  generally  characteristie  of 
transitions  with  radiation  in  the  radio  freqiuency  range  of  the  spec- 
true;  spontaneous  emanation  is  Isnking  under  ox’dinaty  conditions,  and 
oay  be  observed  only  In  exclusive  oases*.  As  a  rule,  farced  transi¬ 
tions  —  absorption  and  forced  esaanetion  sre  observed  in  the  radio 
frequenc}'  range;  magnetic  resonance  constitutes  a  partial  case  of 
forced  transitions  in  the  radio  freisaency  range  of  the  spectjnia. 


The  probability  of  spontaneous  transitions  between  sublevels 
of  Z««man  splitting  Eisy  be  evaluated  easily,  starting  out  with  the 
formula  for  amgnetic  dipolar  radiation  (of,  (4,8.5)), 

__  3  .  jq29/..L\  jjip,,  For  splittlajij  cnwised  by  electrotxic 

'  ‘•"’20 
magnetic  moucnts  having  the  hohr  magnt^ton  oj*der  of  10  erg/ 

gaues  (cfv  (2.47))  we  obtain,  assaiaiing  X~-4  ^  0,25  CM~^ 

(which  c&r»*e»pond8  to  the  magnetic  field  1  ?55?5,000  gauss), 

'  10^  »  O.as^'  •  10“^  Bec”^,r.c;.^;  5  •,  X0“^  aec"-^ 

i.e.,  the  value  of  Is  very  sjsall.,  Th^s.  value  of  is  still 

8ianll.er  for  transitions  due  to  nuclear  and  rotational  moments  on  the 
order  of  tha  nuclear  magneton. 


*)  These  condJ-tions  '^re  realiv.ed  for  cosmic  radiation;  of. 

i^Chapter  16.) 
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According  to  the  rule  of  selection  (4.157 ««  oirdinary  n 
electronic  dipolar  radiation  traceitiane  vlth  change  of  the  magnetic 
quantum  nuraiber  m  not  greater  than  unity,  i.e.,  I  <;;[  |  are  possible 

for  magnetic  dipolar  radiation.  '  '  ^ 

?y  virtue  of  this  rule  of  selection  only  transitions  hetween 
adjacent  sublevels  of  Zeeman  splitting  are  resolved,  as  indicated  for 
values  of  J  from  1/2  to  2  In  Figure  14.12.  Transitions  upward  are 
absorption,  and  trabsitlons  downward  are  forced  emanation.  Transi¬ 
tions  with  unit  change  of  m,  ^  m  ■  -  1,  correspond  to  circular  vibra¬ 
tion  in  the  xy  plane,  perpendicular  to  the  direction  of  the  permanent 
magnetic  field,  caused  by  Zeeman  splitting.  These  transitions  may  be 
evoked  by  alternating  magnetic  field  with  resonant  frequency 


^m±!!»  perpendicular  to  the  permanent  magnetic 

field.  Thus  magnetic  resonance  occurs  under  the  action  of  an  alternat¬ 
ing  magnetic  field  of  frequency 

perpendlcxilar  to  the  permanent  magnetic  field. 

According  to  the  general  formula  (4.172),  in  the  case  of 

A  m  *  -  Big  »  -  1  only  the  matrix  elements  Ax  ^  of  the  vector 

components  are  different  from  zero.  The  foUowiig  matrix  elements 
(cf-  (4.175)  0^  others)  are  different  from  aero 

(ffij  I  ±  I  «*2)  ==*  J  (14.66) 

at  »  Eg  -  1,  which  means  that  from  the  point  of  view  of  graphic 

representations  this  transition  corresponds  to  magnetic  circular 
oscillators  in  the  pl.ane  xy,  having  the  frequency  (l4.65).  The  vibra¬ 
tion  of  these  oscillators  msy  be  excited  bj'-  a  magnetic  field  of  the 
same  freqxiency,  located  in  the  plane  xy. 

Special  notice  must  be  made  of  the  fact  that  the  transitions 
considered  are  magnetic  dipolar  transitions  and  occur  under  the  effect 
■'V  of  an  alternating  magnetic  field,  while  ordinary  electrical  dipolar 
jtransitions  occur  under  the  effect  of  an  a}.ternating  electrical  field,  j 
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Flfpsr*  14.12.  Tr«ia*itionB  b«twe«ii  adjacent  Bybi«Te3.3  of  Z»famxi 
spj.it  s. 


^Khereas  tbe  frequec-cy  of  tresKSitioc  'betA-sttK  a;34af!en.t  aubierals 
of  J^emaa  8pll.ttijag  colacid««  tiie  fxiiqufincy  of  prscessioa  of  the 
iBSgzietic  jaomftt  arcrand.  the  direction  of  the  persaaest  Kagaetic  field 
//,  ea  iBsentioned  in  foregoing,  tbe  condition  of  magnetic  resonance 
is  coincidence  of  the  freqaenqr  of  the  alteraatieg  Jiaigaetic  field  per* 
pendicular  to  the  persaeent  aagnetic  field  vlth  the  frecinency  of 
prceeasion. 


L 
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Tlgaxt  14.13 ♦  Effect  of  *  perpencLLculex  magnetic  field  on  a 
preceeaing  magnetic  inonent: 

tk)  preeeasion  around  the  field  Hi  i  *  , 

to )  supplejnentary  precesaion  around  the  field  H^. . 


From  the  purely  classic  viewpoint  radiation  of  frequency  equal  to 
the  frequency  of  precession  is  connected  with  the  rotation  of  the  com¬ 
ponents  of  magnetic  moa^t  perpendicular  to  the  axis  of  precession, 

i.e,,  the  direction  of  H  .  Ohangea  ia  the , jaagnitude  of  projection 
of  the  magnetic  aoiaent  in  the  direction  of  H.  in  the  case  of  forced 
transition  ms^y  toe  understood  according  to  the  graphic  representation, 
utilizing  the  principle  of  coagnience.  For  this  we  consider  the  ef“ 
feet  of  the  perpendicular  magnetic  field  upon  the  magnetic  moment 
in  the  Biovlng  coordinate  syatem  precessing  around  the  direction. of  H 
with  angular  velocity  <o  xk  —  if//  (Figure  14.13  a).  As  we  have  seen 

/  dMo  \ 

In  Chapter  2,  the  change  ( _ ,  of  mechanical  moment  la  this 

\  dt 

eystem,  in  the  absence  of  affects  other  than  the  H  field,  is  equal  to 
zero.  In  the  presence  of  a  perpeadiculaur'  field  ,  creating  the 

I  supplementaiy  mcaaent  of  force  {|»,  //,}  —  we  obtain 
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(14.67) 


UMp, 


The  alterrjuting  field  //^with  frequency  may  he  analyzed  into 

two  magnetic  fieldo  end  /?,  of  the  aane  frequency,  rotating  in  op¬ 
posite  directions  with  angular  velocity  «  and~(i)*.  The  field 

rotating  with  anguies*  velocity  e»,  may  he  constant  with  respect  to  the 
troving^  system,  hut  the  taagnetic  laotaent  m-uat  preeess  ei-ound  the  direc¬ 
tion (of.  Figure  14.13  h),  and  cewaBequently  it  will  change  its 
orientation  with  respect  to  the  jW,  field,  i.e.,  will  change.  The 

gradual  change  in  orientation  of  mfi^etic  moment  in  the  classic  theory 
woiuld  correspond  to  an  interniittent  change  of  this  orientation  and  the 
projection  (^7  in  the  quantum  theoiy.  Specifically,  with  the  original 

orientation  parallel  to  H  the  magnetic  moment  gradually  changes  to 
antiparalial  orientation.  For  the  spin  laoment  of  the  electron 
(s  *  1/2)  this  corresponds  to  quantum  transition  from  the  euhlevel 
s=  1/2  to  the  suhlevel  ra^  *, -l/2. 

There  are  two  different  means  of  observation  of  magnetic 
resonance:  loeasureioent  of  the  effect  of  radiation  upon  isolccular 
heaum,  end  meaaurement  of  the  absorption  of  radiation  hy  a  substance. 


*)  For  example,  vibration  along  the  x  axis,  ™  Hq  cos  wt, 

may,  upion  addition  of  a  field  elong  axis  y  equal  to  zero,  be  analyzed 
in  the  following  form: 

N  f  -f-  iHy  *ar  -f-  /  •  0  a=  COS  iot  -f-  COS  <I)<  j 

-f  i  ( sin  lot  —  ^  sin  ut^  «= 

B>  ^  (cos  -j-  /  sin  lot)  -f-  (cos  mt  —  t  sin  lot)  =  -f 

The  first  member  represents  the  magnetic  field  rotating  from  the  x 
axis  to  the  y  axis,  with  angular  velocity  w,  and  the  second  member 
the  magnetic  field  rotating  frcan  the  y  to  the  x  axis,  with  angular 
velocity  -  o.. 
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Tlae  first  method  consiata  of  a  beam  of  the  investigated  -i 

particles  (having  msgnatic  moment },  deflected  in  a  definite  manner  in  ' 
permanent  laagnetlc  fields  (which  for  this  purpose  are  made  nonhom^ 
geneous)  and  impinglpg  upon  the  instrument  registering  the  particles; 
and  is  subjected  to  the  effect  of  radio  frequency  radiatlCn.  If  under 
the  effect  of  the  magnetic  field  of  radiation^  traniiitions  occur  be> 
tween  sublevels  of  2^eman  splitting,  which  does  occur  in  the  presence 
of  resonance,  i.e.,  at  coincidence  of  the  frequency  of  the  field  of 
radiation  with  the  frequency  of  tranaition,  then  the  particles  with 
projection  of  magnetic  moment  modified.  As  a  result  of  the  transition 
are  deflected  differently  and  no  longer  itspinge  upon  the  instrument. 
Ihus  the  weakening  of  the  beau  Of  investigated  particles  observed  at 
resonant  frequencies  is  measured. 

Figure  14. Ih  shows  a  typical  diagram  of  apparatus  for  investi¬ 
gation  of  msLgnetic  resonance  in  molecular  beams  (42).  Ihe  beam  of 
particles  from  source  S  passes  through  the  nonhomogeneous  permanent 
magnetic  fields  A  and  B,  deflecting  the  particles  in  opposite  direc¬ 
tions  and  focusing  the  beam,  which  impinges  on  the  registering  instru¬ 
ment  I .  A  homogeneous  permanent  field  is  created  by  magnet  C  between 
magnets  A  and  B,  and  an  alternating  radio  frequency  magnetic  field 
(radiation  field)  evoking  transitions  is  established  perpendicularly 
to  the  last  named.  Vfhen  the  frequency  of  the  alternating  field  does 
not  coincide  with  the  frequency  of  trmsitions,  a  completely  deter¬ 
mined  stream  of  particles  falls  upon  the  receiving  instrument,  and 
in  the  case  of  coincidence  of  frequencies  all  the  particles  for  which 
projection  of  the  magnetic  moment  changed  as  a  result  of  transitions 
between  sublevels  of  Zeeman  splitting  are  deflected  differently  by 
the  second  nonhomogeneous  field  B  and  do  not  enter  the  receiver. 

It  is  important  that  the  change  in  intensity  of  the  beam  is 
proportionate  to  the  total  number  of  transition  processes  from  the 
original  sublevels  equal  to  the  sum  of  the  number  of  all  the  absorp* 
tion  processes  and  all  processes  of  forced  emanation.  For  example, 
in  the  case  of  splitting  of  a  level  with  J  «  1  in  a  magnetic  field 
(cf.  Figure  14.12)  the  change  in  intensity  of  the  beam  occurs  as  a 
result  of  both  -1  0  and  0  — >1  (absorption)  transitions,  and 

0  — ^  -1  and  1  — ^  0  (emanation)  transitions.  In  the  given  case  the 
probability  of  all  these  transitions  is  equal. 

The  relative  probability  of  the  transitions  is  given  by  the 
formulas  of  Table  14.1  for  the  cate  J  — and  m  i  1 — ^  m,  which 
also  hold  for  transitions  between  sublevels  of  the  same  level .  Be¬ 
cause  of  this, Table  l4.4  msy  be  utilized  in  concrete  instances. 


I- 


I&e  B)*gaetic  resonance  nethod  with  aolecular  IteasLS  la  extramelj^ 
ieuaitlT«>  and  enatlea  a  vary  hl|^  degree  of  paraelsion  to  be  attained. 
Xte  iBost  lagpoirtant  aepect  i»  that  the  effect  of  a  radio  fre(|u«ncy 
field  on  free  particlce  la  studied.  Eoverer^  froa  the  cxperisiental 
joint  of  Ylev  it  Is  very  difficult  because  working  vith  nolecidar 
Iceens;,  especially  in  stagnetic  fieldSj^  is  conplloated,  perticularly  in 
zeepect  to  the  requireaent  of  special  Tacum  technology. 


The  second  oethod  of  observation  of  oagnetlc  resonance  coz^ 

£.lst8  of  aieasureaent  of  the  abaorption  of  radio  frequency  radiation 
by  a  subatance  placed  in  a  peraanent^  homogeneous  magnetic  field.  The 
zttdlo  frequency  magnetic  field -eYOkes  transitions  between  sublevels 
of  Seeman  eplitting,  vith  both  »  — ^  a  +  1  and  a  +  1  —4  a  trsuisitiCns^ 
i,e.,  both  absorption  and  forced  emanation  occur.  For  es-ample,  in  the 
simplest  case  of  Zeeman  splitting  of  a  level  wi-tix  J  «  l/2  (cf .  figure 
this  corresponds  to  the  trsnsitions  -l/2-~>l/2  and  l/S-^-l/a, 
IlSie  observed  absorption  is  the  difference  between  absorption  and 
i’orced  emanation,  fflae  coefficient  of  absorption,  measured  by  experi- 
ziezit,  la  determined  by  formula  (^.96)  end  contains  the 


factor,  and  in  the  given  case  Av  ss:sEn,  “ — is  "fcA® 


difference  in  energy  of  the  Zeeman  split  sublevels.  ;^i8ignetic 
zesoaanoe  jasy  be  observed  as  a  result  of  high  aensitivlty  of  conteiapo- 
zery  radio  technological  mathods,  even  is  the  ease  of  very  close 
2;«em&a  split  eubievels.  Despite  the  presence  of  experimental  methods, 
study  of  absorption  in  the  radio  frequency  range  does  not  differ  in 
principle  frcsm  study  of  abaorption  in  the  optical  range,  while  the 
siiiaguetlc  resonance  method  with  molecular  be&ms  has  the  substantial 
Ti'fttttage  that  not  radiation,  but  change  in  the  status  of  particles 
(irubjected  to  the  effect  of  radiation  is  studied. 


Sfcudcf  of  magnetic  resonance  ty  the  absorption  method  is  cocsid- 
«!.rably  sirajder  than  the  molecule  beam  ssethod,  and  also  enables  at- 
tiainnaent  of  high  resolving  power  and  very  high  precision  of  aeaeurc-  . 
ment.  method  usually  is  used  in  the  i^tudy  of  substances  in  solid 

luad  liquid  state,  whioh  on  one  hand  enebles  di.fferent  conclusiozi*  to 
tte  asade  Jfeiative  to  the  cozideased  state  of  the  8ubste>r.ce,  but  on  the 
other  hand  requires  introduction  cf  many  corrections  in  the  determina¬ 
tion  of  the  properties  of  individual  particles,  ’Bs-ts  values  cf  aagnetic 
moments  determiaed  for  paziiiclea  interacti.ng  with  the  surrounding 
imcrfcielee  aey  be  dietieguished  from  the  values  of  these  moments  for 
free  particles. 


It  is  noted  that  lisually  in  the  observation  of  laagnetic  reso* 
nw'jce  not  the  frequency  of  radiation  causing  the  ti'ansitions,  but  the 
„  intensity  of  the  pensanent  nagnetlc  field  in  which  these  transitions 


i 


’are  a’lsservftd  is  'vrsiried  (by  th,«  r!iolefttai.£4r  beius,  or,  abaoriJition  i.?.«thod}, 

©ius  to  satisiy-  th«  rtslRtlQaehiXj  /?v  — -  the 

value  V  is  kept  coriStfr?it  ftiid  /'/  ie.  rariVu,  '^^her-fffare  tfet  spectrti 
are  obtained  not  on  a  frequency  ecele  (or  wave  .length  s<..«.l*).j  but  on 


a  scale  of  intvonsit;/  of  the  magnetic  field, 

14.7.  Inveatigatloa  of  Electronic  Magnetlo  Re sonanae  by  the  Atomic 
iiesjKi  ilethod  vj  ■■ 


ffeasXki'ez'iieat  of  magnetic  resonai-iCft  in  stoado  beftffits,,  being  a 
particu?..ai'  case  of  molecular  beams'*,  sneble^e  the  e-lsotronic  iaa.gaetic 
manjentfi  of  «.toas  in  basic  condition  to  be  mjs-aaimsd  vith  very  high 
precis j, on,  on  the  order  of  one  hmoreo,- thousandth .  A  pSirticiHar^Iy 
eisiipj.e  case  xs  that  of  atoina  with  one  ejcternal  a-electroii;  for  which 
the  main  level  is  the  us'^Sk.,  l«vei  (atoms  of  iiy&rogan,  sUhttl.! 

rasnals,  plus  Gu,  Ag  end  Ad.;  cf.  Table  7,?.),  'X^ie  tx^ansitlo-ns 
i/2  and  «lf2.  are  obst-rved  (af.  Figure  which  axe  con- 

nectoG  with  a  chskge  in  the  orientation  of  the  spin  of  the 

elaeti'ou  in/dhe  magnetic  field-  Th,e  mala  j'esult  of  't.xp«!ri;!ne:nts  vith 
these  atOJfiS  (and  si.so  wi'fch  atoms  in  other  basic  condl1.'lom-,,,  particu'  ' 

laxly  in  the  condition  ie  that  the  factor  g  for  electron 

spin  magnetic  moment  is  different  from  the  value  2,  to  which’ the 
theory  cf  Itlr&e  leads,  i.e.,  the  magixitude  o.t’  ViSgtxetic  mcfnens  is  .ivot 
equal  to  th*  Bitp;-  magneton  [Ag( of  (2 ..56)).  TMa  anomaly  of  .tb,C':  mag- 
rietlc  ’moment  of  the  electron,  aa  ind.icp.tBd  in  Chapter  h,  is  caused,  by 
radiation  ciorrecti.oas  which  may  'be  found  through  utlliaation  o;f  the 
quPuituffi  eleotrodyrtamica  methods.  T.he  theoraticrU. 

value  of  the  magnetic  mon^at  A  cf  the  electron  when 

usin,|:,  corrections  on  the  order  of  a  and  a*'  ,!  where  Ot  is  the  cons'tant- 
of  fine  structure  {/6.h8)  i« 


0,328  -J)  [Xg  1,001 1596 


(ih.iyj) 


Fine  .seaauremsnt s  of  Zeewawi  splitti.ng  for  the  basic  co»clit:j..oa 

of  the  ):sydro,gen  etom  by  t.he  magnetic  re.'soria.nce  method  with  pua 
atoml.c  besiT)  leads  to  the  Ya2.ue 


For  terminology  see  page  1 


(14.69) 


g 


hSL 

Hb 


1.001146  ±  0,000012. 


which  approxjpEfctcs  the  theoretical  value  (14.68).  It  coaS‘orEis  evea 
acofe  cloaely  to  the  value  g/2  of  (l4,68),  aeasured  directly  for  free 
electrons  (if*  (l4.3l).  This  conforriity^  together  with,  coincidence 
of  the  theoretical  and  experiaental  values  of  the  shift  is  S^levei  for 
the  a  »  2  status  of  the  hydrogen  ate®  is  a  ■basic  proof  of  the  correct** 
ness  of  deductions  of  quantm  electrodynamics  obtained'  on  the  basis  of 
consideration  of  radiation  corrections. 


Ohe  experimental  value  of  the  g/2  factor  for  H'  is  scuel  to 
1.001123  ^  0.000012,  for  is  1.001128  *  0.000030,  for  He^  is 
1.001117  i  0.000020  end  for  Li^  and  Li'^  is  1.00114  i  0.00012,  i.e.> 
in  all  cases  the  correction  obtained  is  equal  approximately  to 

s  0.00116.  The  relative  change  in  electron  mass  connected  with 

2r, 

the  hydrogen  atom  must  be  taken  into  accoxint  in  making  comparison 

with  a  free  electron.  This  change  in  mass  is  1.8  *  i0“^,  and  gives 
a  correction  of  +0. 000018,  which  leads  to  the  value  (l4.69)  for  a 
free  electron. 

I  4 

Theoretical  computation  of  the  value  g/2  for  He  in  the  basic 
condition  leads  to  the  value  1.0011044,  which  also  agrees  very- 

well  with  the  experimental  value  introduced  in  the  above,  I.OOIII7  - 

0.000020.  , 


The  method  of  magnetic  resonance  in  atomic  beams  may  be  used 
in  investigation  of  the  picture  of  Zeeman  splitting  of  energy  levels 
not  only  in  weak  fields,  but  also  in  intermediate,  and  strong  fields. 
Along  with  study  of  Zeeman  splitting  of  main  levels  of  atoira  the 
picture  of  splitting  of  excited  levels  also  may  be  investigated  in 
principle  if  a  sufficient  concentration  of  these  atoms  is  created  in 
the  beam.  Investigation  of  this  type  was  carried  out  by  Lamb  and  his 
associates  <in  studying  the  shift  of  3- levels  (243,  cf .  Paragraph  6.8)j 
namely,  study  of  Zeeman  splitting  of  levels  with  n  >=  2  enabled  the 
value  of  this  shift  to  be  determined  with  hi^  precision. 


The  peculiarity  of  Zeeman  splitting  of  excited  levels  of  the 
bydrogen  atom  consist  of  the  fact  that  there  are  closely  adjacent 
levels  with  different  values  of  1.  For  n  *  2  we  have  the  levels 


L2$^S\i,.  (of*  Figure  6.l4). 


2n  this,  the  magtiitude 
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I  of  splitting  in  lOAgoAtlc  fields  is  on  the.  order  of  severel  thousand 


gauss  of  the  distance  between  the 
of  the  splitting  of  levels  with  n 


levels.  The  piotxure 
»  S  is  shown  in  figure  14.15.  In 


this>  the  even  level 


splits  independently  of  xmeven  levels 


and 


2po 


for  which  we  have  the  case  of  splitting  in  intanaedl- 


ate  fields,  corresponding  to  the  lolddle  portion  of  Figure  l4.ll.  In 
the  given  case  this  splittix:^  may  he  ccaq^ed  aaally,  taking  into  ac¬ 
count  the  interaction  between  two  levels  with  m  •  l/2  nnd  two  levels 
with  m  =  -l/2.  In  all,  we  have  two  even  levels  with  w  ■  l/2  and 
m  ««  -1/2,  indicated  by^a  and  p  ,  and  nix  uneven  levels  with  m  «  3/2, 


1/2,  -1/2,  -3/2  (froa'  ^il^g)  and  m  -  1/2,  -l/2  (fron 


cated,by  a,  b,  c,  d,  e  and  f .  In  distinction  from  the  case  cf  transi¬ 
tions  between  sublevels  of  the  same  level,  possible  only  with  magnetic 
dipolar  radiation,  ordinary  electric  dipolar  tranaitions  with  the  rule 
of  selection  A  m  ■  0,  ^  1,  are  possible  on^  with^magnetic  dipolar 
radiation  between  sublevels  of  the  levels  «S  and  *po,  the  seme  ae  in 
the  case  of  splitting  of  spectral  lines  in  the  optical  range  of  the 
spectrum.  In  this,  forced  transitions  with  d  m  *  0  are  evoked  by 
radio  freq.uency  electric  fields  parallel  to  the  permanent  magnetic 
field,  and  transitions  with  m  =  f  1  by  a  field  perpendicular  to  the 
permanent  magnetic  field.  According- to  the  rule  of  selection  the  fol¬ 
lowing  trsnsitiouB  are  possible; 


Am  ==  0 
Am  —  ±  I 


a— P  —  A 

a  —  /,  a— -c,  a--c;P  — i*. 


p  —  c. 
P~-rf.  p 


((14.70) 

-b\ 


In  the  experiments  of  Laoib  hydrogen  atoms  in  a  beam  were  excited,  as 
described  in  Faregraph  6.3,  by  neans  of  electronic  insulae.  Atoms  In 

excited  state  ^^^3/2  (vysvechivayutsya)  Immedi- 

2 

ately  due  to  optical  trsneition  at  the  basic  level  1  »tons 


in  the  2  8, 


i/2 


excited  state  ^ 


metastable  and  remain  in  the  bean, 


falling  into  the  magnetic  field  in  gufflcient:y  large  numbers.  In 
this,  atoms  located  at  the  sublevel  p (m  ■  -l/z)  ere  less  Stable  than 
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rat  the/aX®  *  V2)  siiblevel  du®  to  tlie  possibility  of  txtuaeitione 

without  irradiation  under  the  effect  of  a  perpendicular  electric 
field**  at  the  Bublevel  with  which  the  sublevel  1^  intereects  ap> 

proxiimtely  at  H  •  5^  gauae^  Aa  a  reault  the  atcodc  beem  ie 
polarized;  it  contalna  almost  exclusively  atcos  in  the  coiiditlon 


.condition.  Careful  xaeasureiaent  of  the  freou^^ncy  of 

la  >  e  and  let-  f  (forced  emanation)  in  a  field  B  «  1>160  gauss  for 
bydro(wn  (frequency  of  traneition  2395  Me)  enabled  the  precise  value 
(6.87j  of  the  ehift  of  the  S-level  to  be  found.  'Through  measurement 
of  the  frequency  of  trensitlon  la  >  a  (absorption)  in  a  630-gauss 
field  (frequency  of  transition  10,795. 14c)  the  value  of  the  energy  dif¬ 


ference  ^3/2 


for  devrteariuiii  (6.38)  was  found. 


It  may  be 


noted  that  In  addition  to  electric  dipolar  trtiasitions  magnetic 
di.polar  transition!  a-j^  in  the  form  of  a  very  abrupt  reaonance  uaxlmuK'. 


was  observed,  which  was  utilized  for  calibration  of  the  maptetlc  field; 
the  frequency  of  this  transition,  acsordlsag  to  fotmilas  (14. if)  and 
(lh.68)  is  equal,,  with  a  very  good  degree  of  approximation,  to 


— (ii^.71) 


Transitions  between  the  ja  sublevel  of  the  level 

2. 


and  the  sub- 


2 

levels  e,  f,  and  a  of  the  levels 

^3/2 


due  to  the  great  natural  width  of  the  F  level,  connected  with  the 
resolved  optic  transitions 


2»«a— r'S.,.l«s  2W/.— 


which  occur  with  considerable  probability.  According  to  Table  6.6, 

this  probability  is  equal  to  6.25  •  10  see"  which,  according  to 
forsaula  (lt-,.128),  gives  a  level  width  equal  to 


6,25 


6.28 


10»  , 

—  sec 


100  »c 


(llf.72) 


*)  Pue  to  the  law  of  induction,  this  field  acts  ou  rapidly 
moving  piurticlea  flying  through  a  magnatic  field.  For  transitions 
with  irradiation,  under  the  effect  of  aa  electric  field,  cf .  Chapter  [ 


15. 
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width  is  i;aar«aaet\  further  dias  to  the  superfine  structure.  Hov- 
erei'i  due  to  aywiaetry  of  line  cortour  the  vi(ilU0  of  wexiisaaB  intensity 
(with  the  intrcduotion  of  shmiII  corrections  for  the  existing  low 
asjTna3e-tiy)  osay  'be  found  v,lth  weiy  precision,  vrtiiefe  also  creates 
the  possihJJLity  ttie  precise  raiinSB  of  the  fre^iancy  of  tranaitiohs . 

l4.8.  Inyeotlgatlon.  of  Elactronlc  Msgnetlc  Besonance  'by  the 

%8or^lon"M^o'd 

The  raethod  of  eleatrouic  pafo^a^ftyetic  reaoaaaice  (EPK,j.,  often 
cal3.ed  alanpiy  paraurngnetic  reaoaaaace,  is  a  vesy  laigport&tit  snd  e'bsori> 
tion  jaethod.  Sleetronie  peiraaagnetic  r«Boaance>  discovered  'by 
Zhvoyskiy  (cf.  page  2),  is  obserrad  in  the  EiicroEfara  range  of  the 
radio  frequency  speotrosi,  in  tb&t  .th®  di-Starice  'between  adjaaent  levela 
of  "eeaian  splitting  on  the  order  of  lA^/ifand  in  fieldE  on  the  order  of 

1,000  gauss  is  on  the  order  of  cbT^  (ef.  (lk,6)),  Tbm  ■■cimne  of  eiisul- 
taneous  absorption  and  pereaagi'kS-tiaKi  of  a  substance  ia  tb«  orientation 
of  electronic  aaagnetic  laoaeiite  by  th*  external  ■cuigBetic  field..  At  he&t 
eqvilibrivua  the  colonization  of  sublevels  of  the  ".eemwa  aplittirig  is 
detensined  by  the  formula  of  Bolsaftsun  (5.10)* 


"W 


n^Ae 


^iL 

■  er 


niiAe 


jjjp'--' 


(14.73) 


where  i®  '“''b*  suppleitieiitary  eaer©'  in  the  jaagoetic  field  (cf. 

(14.1)  and  (l4.0)),  :Bq  is  the  number  of  particles,  and  A  la  a  eonstaat 

(detersiiaad  'by  the  condition  that  the  total  ausiber  of  pexticlee  at  ail 
levels  ie  equal  to  Gq).  As  a  i”eault  of  a  sojaewhat  larger  population  of 

level®  with  lower  values  &  the  Bultstaace  in  the  naagaetic  field  has,  at 
ju  ^  0,  a  resultant  Essgnetic  moment,  i.e.,  it  le  sragnetised.  For  the 
ssisfi  reason  the  nusiber  of  tranaitione  +  1,  i.e.,  the  number  of 

absorption  processes,  is  greater  than  the  auiber  of  transitions 
Hi  +  1 — i.e.,  the  number  of  proceascs  of  forced  emajiatloa;  this 
also  leads  to  a  value  of  the  adduced  coefficient  of  absorption  (cf . 
fomi.aa  (5-^))  different  from  zero  and  deriving  from  forsHal,as  (5.84,, 
(5.91)  and  (5-9G)*  'tdiich  also  determine  the  sbsorptioxi  observed  In  the 
experiment  &ad  representing  tie  difference  between  absorpitica  and 
forced  emanation.  The  coefficient  of  absorptj,on  for  the  transition 


#  * 

)  In  this  it  is  taken  into  account  tlvit  the  Btatlatie&l 
weight  to  all  sublevels  is  identical  and  equal  to  1  (dcgencrAtion.  in 
.  the  magnetic  field  is  deducted.  !Ihe  energy  reading  in  (l4.?3)  is 
Hiaken  relative  to  the  non- split  level  »  0. 


1 


in — +  1,  according  to  (5*96),  is  equal  to 

X,  =  1  Avft^  B«.  «+,  (v). 

whei*©  m+lW  probability  of  absorption  for  Eiagnetic 

dipolar  irradiation.  In  the  microvave  range  the  coefficients  of 
absorption  are  sufficiently  large  to  be  measured  even  at  relatively  loir 
concentrations  of  paramagnetic  particles. 


Figure  li»-.15.  Splittiiig  of  the  n  »  2  level  of  the  hydrogen  atom  in  a 
magnetic  field. 

The  order  of  magnitude  of  the  probability  m+l 

transition  from  sublevel  m  to  sublevel  m  +  1  may  bs  easily  evaluated, 
and  starting  out  from  this  evaluation  the  order  of  magnitude  of  the 
coefficient  of  absorption  may  be  found.  \ 

L 
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j"  'Ihe  Bpectr#3..  probAbUjlty  of  afcs'oyjpt.ioji  x«l«biiig  to  t)ae  unit 
of  interval  of  fru^uency  erttars  into  foxiaale  {Xk,Jk)  «ad  according  to 
(5.186)  i»  ®<iaal  to 


B 


m»  m-i-l 


(v) 


B, 


tsti  m-i~i 
Av 


vtecre  ie  the  integsral  prshaliillty  of  ebsorpt-ion,  sad 

is  the  width  of  the-  epeetml  line  for  the  t;t^sition  a  — ->a  +  1. 
ISatpreeaiug  B,,,  '^4.1  through  the  magnetic  xaomzt  of  transition, 
according  to  formslMs  (4.8)  luad’  4.73)  we  ohtsin  (gj^^  «  »  l) 


»t4l  8nAv’3  «  (14,76) 

_ _J_  64??^  3 1  (2  ‘  ‘2 

Av  8«Av3  She*  I"  3^s  i  \^m,  T'* 


The  Eititgastic  moaent  of  traaaition  is  on  the  ortier  of  asgaltiaie  of  the 


ffiagneton  of  Borh  i.e.,  ||ia,,,34.|  P  10  erg/gausa  (cf. 


iriK,  fs+l 

(2.47)),  At  a  2,in«  width  on  the  order  of  10^  gauae 


(i.e* 


An 


™  1/100  4t  v=  105® 


B 


m.m+l 


(v)^ 


8-30-  lO'"’'® 


10*  •  3  •  6,6^  10 


~S4 


1  6  10 

3  *  ^  200  ^ 


—3 


t'“"'  3-10‘» 

(cf.  (5.3l))>  vs  find  that 


1 


10« 

(14.77) 

3g 

at  r= 

=  300“ 

.-23„ 

'  «»;• 

(14 .78 ) 

Lelss  psr 

ft 

uni-t 

ic,.3sd-~  .  ^6  ■  •  1.6  .  10"’ .  2  .  10^^  l(r^% 


vcO-mmi!  for  a  condexised  laediam  on  the  order  of  10'’"'"  ortT^,  m  obtain 

«  -« i 

r..  "^c'  iO™  the  coefficient  of  ahsorption  has  a  fairly  large 


value .  With  a  reduction  in  line  width  this  coefficient  will  increase 
correspondingly . 
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r  Introducing  the  cross-section  a  for  Bi>sorption  according  to 
formula  x  where  n^  Is  the  manber  of  absorbing  particles  (cf. 

(5.86))*,  we  obtain  a  value  of  o  on  the  order  of  10" cju^. 

Absorption  in  forms  containing  10^  absorbing  particles  (£62) 
jaay  be  discovered  in  the  most  sensitive  modem  apparatuses  for  s|,udly 
of  paraiaagnetie  resonance  under  favorable  conditions.  i; 

II 

The  sitqplest  ease  of  paramagnetic  absorption  is  obtained  when 
the  absorbing  atoms  have  orbltan  moment  equal  to  aero  arxd  one  electron 
with  non- compensated  spin,  given  a  spin  moment  of  S  —  S  =  V2‘ 

case  occitrs  for  atoms  or  ions  with  oixe  external  s-electron  (basic  con¬ 
dition  of  8. 3-8. 7).  As  in  the  case  of 

loagnetic  resonance  In  atomic  beams,  the  ttvinsitions  -l/2 - ^1/2  and 

1/2  — >  -1/2  occur  in  a  magnetic  field  (absorption  and  forced  emana- 
tionj  of.  Figure  lh.l2).  "In  distinction  from  magnetic  rbsonance  in 
atomic  beams  the  intensity  of  a  single  line  obtained  is  determined  by 
the  difference  between  absorption  and  forced  emanation  (and  not  their 
Stan) . 


An  analogous  case  is  found  in  more  complex  atomic  systems  for 
free  radicals  (chemically  unstable),  formed  as  intermediate  products 
in  chemcal  reactions  and  having  one  electron  with  non-ccaapensated 
spin.  Ordinary  chemically  stable  molecules,  as  a  rule,  have  en  even 
nxanber  of  electrons  foiTaing  a  saturated  molecu3.ar  envelope,  and  have 
complete  mechanical  and  magnetic  moments,  equal  to  zero.  In  distinc¬ 
tion  from  them,  free  radicals  have  a  con^lete  electronic  mechanical 

moment  J  =  s  =  ,  and  correspondingly  a  complete  magnetic  moment 

Jig  (2.56)),  and  these  radicals  may  be  discovered  easily, 

if  their  concentration  is  very  low,  by  the  paramagnetic  resonance 
method  (lOl). 


#)  If  for 
the  multiple  e^  * 
is  eoual  to  ~i— 


the  absorbing  particles  there  is  one  basic  level  of 
2»r  +  1,  then  ** -jy  Hhe  constant  A  in  (14.73) 

=  yr-.”-'  b  'ftbd  b.  are  of  a 

27  -r  r  ^ 


single  order. 


r  For  th«  case  of  fttoms  haring  electronic  moment  different  from 
zero  in  their  basic  statiie  and  not  having  purely  spin  jnoment,  a  8Ub« 
stantial  difference  is  obtained  upon  inreBtigation  of  mtignetlc  reso¬ 
nance  in  atomic  beams  and  in  Investigation  of  paramagnetic  resonance. 
Because  paraaegnstic  resonance  usually  is  studied  for  substances  in  a 
condensed  state,  the  absorbing  atoms  msy  not  be  considered  free,  as 
in  the  case  of  magtietic  resonance  in  atomic  beams.  Bren  if  -Uie  atom 
is  not  incliided  in  a  mclecule  (vhich  specifically  occurs  for  paramag¬ 
netic  lone  in  crj’'SwalB)  its  main  level  splits  in  an  electric  field, 
formed  by  the  surrounding  particles,  e,iad  the  Sieetnan  split  will  be  dif¬ 
ferent  from  that  obtairied  for  a  free  atom*.  Consideration  of  the  prob¬ 
lem  of  paraaiagnetlc  resonance  in  similar  cases  requires  preliminary 
consideration  of  the  interaction  of  the  absorbing  particles  with  the 
s^arro^ulding  particles.  The  interaction  between  particles  has  a 
'telling  effect  elso  on  the  contour  of  the  parsmagnetic  resonance  line . 
At  the  present  time,  paramagnetic  resonance  is  one'  of  the  effective 
methods  for  studying  interaction  between  psxticles  in  a  condensed  sys¬ 
tem,  and  in  general  the  structura  of  these  systeias  both  in  solid  end 
liqsiid  state . 

o 

Magnetic  resoxi&nt 'absorption  by  electrons  of  conductivity 
("free  electrons")  which  has  'been  observed  for  metals  constitutes  a 
specie!  case  of  psramagnetic  reeonenoe,  and  is  due  to  their  |piu 
(259)-  ^-he  magnitude  of  splitting,  -as  in  the  oaae  of  the 
status  of  atoae,  is  equal  to  Beoaun-^e  penetration  of  e  magnetic 

field,  into  the  metal  is  determined  by  the  afeln  effect,  diffxision  of 
electrons  in  th®  range  of  the  skin  effect  end  oxitside  this  range  plays 
an  important  rolej  this  diffusion  be  considered  theoretical. 

'fhe  ferromagnetic  resonance  (cf .  page  2)  observed  in  ferromag¬ 
netic  bodies  ie  a  porticulacr  case  of  electronic  spin  magnetic  reso¬ 
nance  .  It  ie  connected  with  the  spin  Interaction  of  particles  in  fer¬ 
romagnetic  bodl.e8  and  is  at’  interest  from  the  point  of  view  of  the 
study  of  these  interactions. 

To  the  present  we  have  clscussed  magnetic  resonance  caused  by 
the  presence  of  a  constant  magnetic  aoment  In  particles,  which  is 
oriented  in  the  magnetic  field,  end  which  also  causes  the  observed 
splitting  of  levels.  For  frae  electrons  magnetic  resonance  caused  by 
their  movement  in  a  magnetic  field  in  a  circular  trajectory,  or 


*)  Ihis  split  does  not  occur  .in  the  case  discussed  above  for 
atoms  or  ions  in  the  basic  state  ^  -'Jesuit  of  the  theorem  of 

[^prsmers;  cf.  Chapter  15*1,  (205 )♦ 
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^orbital  movemeat,  is  possible.  IMs  type  of  resonance,  coimected  vith"^ 
diamagnetism  of  free  electrons,  is  called  cyclotron  xesonence. 


As  is  well  known,  an  electron  moving  with  speed  V  in  a  magnetic 
field  describes  a  path  like  that  of  any  charged  particle''^.  TbM.  radiusl  f 

of  this  trajectory  (Figure  I4.l6)  is  determined  by  thei/n.-^ — equilibrium 

*  f 

condition  of  the  centripetal  force  on  the  order  of  of  Lorentz 

V*  e  '  ^ 

-■^|(0/i^],i.e.,  the  condition  —  v//.  Thus  the  speed  of  motion 

'  V  tH 

in  the  circular  trajectory  is  !(o  =  —  =: -  and  the  corresponding 

velocity  is  (cf.  (2.46)  '  ^ 


(i> 


tH 


2f*B" 


(14.79) 


!nxe  motion  in  the  plane  xy,  perpendicular  to  the  magnetic  field,  may 
be  analyzed  into  two  linear  harmonic  vibratory  motions  on  the  axes  x 
and  y,  the  quantizing  of  which  gives  the  following  possible  energy 
values  (of,  (l45  and  l46)): 


=  2|ib«(«  +  -5-)  (/i  =  0.  1,2. 


(14.80) 


Thus  Instead  of  continuous  levels  of  free  electrons,  discrete  levels 
tre  obtained,  the  distance  between  which  is  equal  to  2|Ap//  (Figure 

14.17).  The  presence  of  similar  quantizing  leads  to  diamagnetism  of 
free  electrons. 


This  type  of  diamsgnetism  usually  is  called  the  diamagnetism 
of  Landauj  in  I930  Landau  demonstrated  experimentally  (204)  that  ac¬ 
cording  to  the  quantum  theory  free  electrons  have  dlam^etism  in  dis¬ 
tinction  from  the  classic  theory,  in  which  diamagnetism  of  free  elec¬ 
trons  is  lacking. 


V 


)  In  particular,  as  in  the  case  of  charged  heavy  particles 
in  a  cyclotron,  whence  the  name  cyclotron  resonance. 


L. 


-  74  - 


Figurft  14-.16.  Mow.ment  ct 
an  electron  in  a  circular 
trajectory. 


Figur<j  14.1?.  Energy  levels 
for  free  electrons  in  a 
Biagnetic  field. 


Transitions  are  poss-fble  between  levels  of  free  electrons  in  a 
iuagnetic  field  through  change  of  the  quantusi  number  n  of  the  osoills- 
tor  by  t  1.  rniB  is  ordinary  electric  dipolar  transition,  correspond¬ 
ing  to  the  components  of  dipolar  moKent  perpendi cellar  to  the  field, 
and  consequently  occurring  under  the  effect  of  an  alternating  electric 
fieid  of  frequency  v,  perimndicuiar  to  the  permanent  Biagnotic  field. 
Forced  transitions  of  t3ais  type  (cyclotron  reBonance)  are  obtained 
when  the  frequency  of  the  radio- frequency  electric  field  perpendicular 
to  the  permanent  uiagaetic  field  coincides  with  the  frequency  of  transi¬ 
tion. 


From  the  classic  point  of  view  we  have  irradiation  of  frequency 


'4,  detertained  by  formula  (l4.T9)  equed  to 

r-, 

coordinate  system  rotating  with  angular  velocity 


eH 

2iimgC 

u)  =  2icv  = 


In  a 

_  eH 

~  f^eC 


t 


equal  to  twice  the  a]igul.ar  velocity  (£.69)  of  Larmor  ijrecession,  the 
electron  wild,  recede,  and  the  riiagnetic  field  H  cannot  act  on,  it. 

Thus  precession  occurs  for  free  electrons  in  a  riagnetic  field,  the 
fraouency  of  which  is  equal  10  twice  the  frequency  of  Lsrmcjr  precession. 
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Cyclotiron  resonacce  is  dbservad  for  aim  electrons  in  the  micro- 
wa,ve  range  of  the  spectrae.  Its  aeauiureinent  enahlea  deteiroinetioa  of 
the  cyclotrordo  frequency  (lh.79).  In  the  gi’^en  magnetic  field  the 
ratio  of  the'  freq.nency  of  jnegaetlc  resonance  far  the  investigated 
magnetic  nomenb,  proportionate  to  the  magnitude  of  thla  moment  (of. 
(2‘59))>  the  cyclotron  frequency  may  be  a»aaured^  which  is  ex- 
piesaed  by  the  Bohr  magneton  {i-g,  or  in  other  vords^  from  the  point  of 

grajJiic  representationa,  the  ratio  of  the  frequency  of  precession  of 
tbi«  investigated  magnetic  mojnexrt  to  the  frequency  of  preceesioh  of  free 
electrons  may  be  meMured.  In  this^  the  value  of  magnetic  moment  is 
ottatned  directly  in  Bohr  magnetons  |i.p.  Oie  magnetic  moment  of  the 

proton  was  iMaisured  vith  great  preeiaion  by  a  similar  method  (266). 

She  anomaly  of  the  magnetic  moment  of  the  electron  vtMi  neasitred 
very  preeiaely  for  free  electrons  through  the  difference  between  the 
fz'equency  of  precession  of  spin  of  the  electron  and  the  fz’equeney  of 
thi*  fjyclotronie  resonance  (at  g  »  £  these  frequencies  coincide  and  are 
equal  to  (lif.79)).  Ihe  meaaureasats  wesfe  performed  with  double  dia- 
persion.  (on  gold  foil)  of  an  electron  beam  in  a  magnetic  field,  and 
gsvvs  the  value  (268). 

4  «r.  (1 .00U609  ±  5,0000024),  ■  (i4.8i) 

which  is  in  Coi^ete  agreement  with  (lh.68). 

According  to  the  concept  of  Dorfmasi  (26O)  the  cyelotronic  reso- 
naziGo  may  be  obtained  for  conductive  electrons  in  metals  and  semlcoa-::- 
ductora.  In  this,  the  actual  electron  mass  %  is  replaced  by  the 

efJfective  mass  a*  in  formula  (lh.79),  the  distance  between  levela  in 

e  ii> 

m, 

magurttic  field  is  decreased  by  the  function  and  the  value  of 

m, 

the  effective  mass  may  be  determined  accca-ding  to  the  frequency  of 
retsonance .  The  cyelotronic  resonance  may  be  obessm'cd  for  ssmlconduc- 
tora  (silicon  and  germaaiua  crystals)  not  only  for  electrons,  but  for 
gapa,  se  well  (26l). 
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